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Public transport services in India and many other developing countries are provided by a 
combination of formal-Government led public transport systems and informal paratransit or 
Intermediate Public Transport (IPT) systems, which offer shuttle services along high demand 
corridors with passengers boarding and alighting at multiple points. Despite limited Government 
support, paratransit systems continue to thrive in many cities serving a crucial shared mobility 
need of users, without which cities would have more private vehicle usage. Due to their informal 
nature and the perceived competition to formal public transport systems, they have traditionally 
been either excluded from the public transport planning processes or designed as a feeder service 
to the formal transit system. The current thesis recognises paratransit’s role in serving end to end 
travel demand needs, particularly in developing economies with limited public transport supply 
and not just being a feeder to the formal public transport system. Hence, we develop an integrated 
planning framework that enables formal and informal public transport systems to operate as 
complementary systems towards meeting the mobility needs of the city. 
 We proved an integrated planning framework based on comprehensive understanding of 
the demand and supply characteristics of both formal and informal systems which currently operate 
independently to realign services and complement each other. The tactical planning stage of public 
transport planning i.e. frequency setting was identified as the ideal stage of planning for integration 
of the two types of services. This will ensure continuity of their existing route networks and at the 
same time allow for paratransit services’ flexibility to switch operations between routes. 
Visakhapatnam, a representative medium sized Indian city with a significant presence of formal 




auto-rickshaws with a seating capacity of three to six passengers, was selected as the case city to 
demonstrate the methodology.  
 A household survey based data collection and analysis methodology was adopted to 
analyse the socio-economic and travel demand characteristics of city bus and paratransit users. 
The variables impacting users’ choice between these two systems were derived through binary 
logistic regression. The high frequency and low occupancy paratransit systems were more popular 
among shorter trips, while longer trips preferred the fixed table bus systems.  
 The operational characteristics of bus and paratransit systems were derived through a 
combination of primary surveys with paratransit operators and secondary data on the city bus 
operations. Data regarding their network of operation, services offered, passenger demand and 
revenue generated were collected for analysis. Buses perform a service function in the city by 
operating throughout the day and on a wider network, while paratransit operates with a profit 
motive only on high demand corridors and during peak hours. A Data Envelopment Analysis 
(DEA) based methodology was adopted to compare the performance efficiency of the two systems 
using a set of input and output indicators that define the performance of the two systems. 
Paratransit operations were identified to be more efficient compared to buses, due to their demand 
responsive operations. The lower efficiency of buses was also due to their service obligation to the 
city to provide affordable services throughout the day, even in areas with low demand.  
 A bi-level transit assignment and frequency optimisation framework is developed to 
integrate formal bus and paratransit services. The lower-level of the model solves for the multi-
modal transit assignment problem while the upper level solves for the integrated frequency 
optimisation problem. The transit assignment problem was solved from the users perspective i.e. 




problem was solved using an integer programming formulation with the objective of minimising 
operational cost of bus and paratransit systems while meeting constraints like the travel demand 
on any link  
The outputs from the optimisation exercise were used to quantify the impact of the public 
transport system at various levels i.e. users total travel time spent in the system, operators cost of 
providing the services and the overall impact on the society by estimating its road space 
requirement and emissions. Alternative user demand and transit supply scenarios were tested to 
assess their impacts on the society. The results show significant operational cost benefits of an 
integrated transit assignment and frequency planning approach where paratransit provides demand 
responsive services for short distance trips while formal public transport provides fixed schedule 
services on with broader network coverage. 
The analysis established the complimentary role played by bus and paratransit systems in 
meeting users travel demands. Therefore, it is recommended that cities harness both the systems 
towards meeting increasing travel needs of developing economies. Formal transit will continue to 
be the core of the public transport system, providing fixed route services, while paratransit can 
augment its capacity on high demand corridors and during peak hours. The planning and frequency 
optimisation framework developed in this thesis can help cities in identifying the modal-mix of 










 भारत और कई अन्य िवकासशील दशे� म� सावर्जिनक प�रवहन सेवाएं औपचा�रक-सरकारी 
नेतृत्व वाली सावर्जिनक प�रवहन �णािलय� और अनौपचा�रक पैरा�ांिसट या इंटरमीिडएट पिब्लक 
�ांसपोटर् (आईपीटी) �णािलय� के संयोजन �ारा �दान क� जाती ह�, जो याि�य� को बो�ड�ग और अलाइ�टंग 
के साथ उ� मांग वाले गिलयार� म� शटल सेवा �दान करती ह�। अंक। सीिमत सरकारी समथर्न के 
बावजूद, पैरा�ांिसट िसस्टम उपयोगकतार्� क� एक महत्वपूणर् साझा गितशीलता क� सेवा करने वाले कई 
शहर� म� पनपना जारी रखता ह,ै िजसके िबना शहर� म� अिधक िनजी वाहन का उपयोग होता। उनक� 
अनौपचा�रक �कृित और औपचा�रक सावर्जिनक प�रवहन �णािलय� क� किथत �ितस्पधार् के कारण, उन्ह� 
पारंप�रक �प से सावर्जिनक प�रवहन िनयोजन ���या� से बाहर रखा गया ह ैया औपचा�रक प�रवहन 
�णाली के िलए फ�डर सेवा के �प म� िडज़ाइन �कया गया ह।ै वतर्मान थीिसस या�ा क� अंितम ज�रत� 
को पूरा करने म� पैरा�ांिसट क� भूिमका को पहचानती ह,ै िवशेष �प से सीिमत सावर्जिनक प�रवहन 
आपू�तर् के साथ िवकासशील अथर्�वस्था� म� और न केवल औपचा�रक सावर्जिनक प�रवहन �णाली के 
िलए एक फ�डर होने के �प म�। इसिलए, हम एक एक�कृत योजना ढाचंा िवकिसत करते ह� जो 
औपचा�रक और अनौपचा�रक सावर्जिनक प�रवहन �णािलय� को शहर क� गितशीलता आवश्यकता� 
को पूरा करने के िलए पूरक �णािलय� के �प म� संचािलत करन ेम� सक्षम बनाता ह।ै 
 
 हमने औपचा�रक और अनौपचा�रक दोन� �णािलय� क� मांग और आपू�तर् िवशेषता� क� �ापक समझ 
के आधार पर एक एक�कृत िनयोजन ढांचे को सािबत �कया जो वतर्मान म� वास्तिवक सेवा� के िलए स्वतं� 
�प से काम करते ह� और एक दसूरे के पूरक ह�। सावर्जिनक प�रवहन योजना क� आवृि� िनयोजन चरण अथार्त् 




था। यह उनके मौजूदा मागर् नेटवकर् क� िनरंतरता सुिनि�त करेगा और साथ ही माग� के बीच संचालन को 
बदलने के िलए पैरा�ांिसट सेवा� के लचीलेपन क� अनुमित दगेा। िवशाखाप�नम, एक �ितिनिध मध्यम आकार 
का भारतीय शहर, िजसम� तीन से छह याि�य� के  बैठने क� क्षमता के साथ �ी-व्हीलर ऑटो-�रक्शा �ारा �दान 
क� जाने वाली िसटी बस सेवा� और पैरा�ांिसट सेवा� के �प म� औपचा�रक सावर्जिनक प�रवहन क� महत्वपूणर् 
उपिस्थित थी, कायर्�णाली को �द�शर्त करने के िलए इसे केस िसटी के �प म� चुना गया था।  
 िसटी बस और पैरा�ांिसट उपयोगकतार्� क� सामािजक-आ�थर्क और या�ा मांग िवशेषता� का िव�ेषण 
करने के िलए एक घरेलू सव�क्षण आधा�रत डेटा सं�ह और िव�ेषण प�ित को अपनाया गया था। इन दो 
�णािलय� के बीच उपयोगकतार्� क� पसंद को �भािवत करने वाले चर बाइनरी लॉिजिस्टक �र�ेशन के माध्यम 
से �ा� �कए गए थे। उ� आवृि� और कम ऑक्यूप�सी पैरा�ांिसट िसस्टम छोटी या�ा� के बीच अिधक लोकि�य 
थे, जब�क लंबी या�ाएं िनि�त टेबल बस िसस्टम को पसंद करती थ�। 
 बस और पैरा�ांिसट िसस्टम क� प�रचालन िवशेषता� को िसटी बस संचालन पर पैरा�ांिसट ऑपरेटर� 
और माध्यिमक डेटा के साथ �ाथिमक सव�क्षण के संयोजन के माध्यम से �ा� �कया गया था। उनके संचालन के 
नेटवकर् , सेवा� क� पेशकश, या�ी क� मांग और राजस्व के बारे म� डेटा िव�ेषण के िलए एक� �कए गए थे। पूरे 
�दन और �ापक नेटवकर् पर बस� शहर म� एक सेवा कायर् करती ह�, जब�क पैरा�ांिसट केवल उ� मांग वाले 
गिलयार� और पीक ऑवसर् के दौरान लाभ के उ�ेश्य से संचािलत होता ह।ै दो �णािलय� के �दशर्न को प�रभािषत 
करने वाले इनपुट और आउटपुट संकेतक� के एक सेट का उपयोग करके दो �णािलय� के �दशर्न दक्षता क� तुलना 
करने के िलए एक डेटा एनवेलम�ट एनािलिसस (डीईए) आधा�रत कायर्�णाली को अपनाया गया था। पैरा�ांिसट 
संचालन क� पहचान बस� क� तुलना म� अिधक कुशल होने के कारण क� गई थी, क्य��क उनक� मांग उ�रदायी 
प�रचालन के कारण थी। कम मांग वाले के्ष�� म� भी बस� क� कम दक्षता शहर म� �दन भर म� सस्ती सेवाएं 
�दान करने के िलए उनके सेवा दाियत्व के कारण थी। 
 औपचा�रक बस और पैरा�ांिसट सेवा� को एक�कृत करने के िलए एक ि�-स्तरीय पारगमन असाइनम�ट 




समस्या के िलए हल करता ह ैजब�क ऊपरी स्तर एक�कृत आवृि� अनुकूलन समस्या के िलए हल करता ह।ै 
पारगमन असाइनम�ट क� समस्या को उपयोगकतार्� के दिृ�कोण से हल �कया गया था, अथार्त् उपयोगकतार्-संतुलन 
िविध के माध्यम से अपनी या�ा के समय को कम करने के िलए। ���� सी ऑिप्टमाइज़ेशन समस्या को �कसी भी 
�लंक पर या�ा क� मांग क� तरह बाधा� को पूरा करते �ए बस और पैरा�ांिसट िसस्टम क� प�रचालन लागत 
को कम करने के उ�ेश्य से पूणा�क �ो�ा�मंग फॉमूर्ला का उपयोग करके हल �कया गया था। 
 ऑिप्टमाइज़ेशन एक्सरसाइज से आउटपुट का उपयोग िविभ� स्तर� पर सावर्जिनक प�रवहन �णाली के 
�भाव को िनधार्�रत करने के िलए �कया गया था अथार्त उपयोगकतार् िसस्टम म� िबताए गए कुल या�ा समय, 
ऑपरेटर� को सेवाए ं�दान करने क� लागत और इसके सड़क स्थान क� आवश्यकता का आकलन करके समाज पर 
सम� �भाव और उत्सजर्न। वैकिल्पक उपयोगकतार् क� मांग और पारगमन आपू�तर् प�रदशृ्य� का समाज पर उनके 
�भाव� का आकलन करने के िलए परीक्षण �कया गया था। प�रणाम एक एक�कृत पारगमन असाइनम�ट और 
आवृि� िनयोजन दिृ�कोण के महत्वपूणर् प�रचालन लागत लाभ �दखाते ह�, जहां पैरा�ांिसट कम दरूी क� या�ा� 
के िलए उ�रदायी सेवाएं �दान करता ह,ै जब�क औपचा�रक सावर्जिनक प�रवहन �ापक नेटवकर् कवरेज के साथ 
िनधार्�रत कायर्�म सेवाएं �दान करता ह।ै 
 िव�ेषण ने उपयोगकतार्� क� या�ा क� मांग� को पूरा करने म� बस और पैरा�ांिसट िसस्टम �ारा िनभाई 
गई मानाथर् भूिमका क� स्थापना क�। इसिलए, यह िसफा�रश क� जाती ह ै�क शहर� म� िवकासशील अथर्�वस्था� 
क� बढ़ती या�ा आवश्यकता� को पूरा करने क� �दशा म� दोन� �णािलय� का उपयोग �कया जाए। औपचा�रक 
पारगमन सावर्जिनक प�रवहन �णाली का मुख्य िहस्सा बना रहगेा, जो िनि�त मागर् सेवाए ं�दान करता ह,ै जब�क 
पैरा�ांिसट उ� मांग गिलयार� और पीक घंट� के दौरान अपनी क्षमता को बढ़ा सकता ह।ै इस थीिसस म� िवकिसत 
िनयोजन और आवृि� अनुकूलन ढांचा िनि�त मागर् सावर्जिनक प�रवहन और ऑन-िडमांड सेवा� के मॉडल-िम�ण 
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1.1 Urban mobility scenario in developing countries - Role of paratransit systems 
Urban transport systems in developing countries are characterised by low-vehicle ownership 
rates and high dependence on public transport systems for daily commute to fulfil various 
activities. The city Governments typically provide formal bus or rail based public transport 
services like city buses, Bus Rapid Transit (BRT), sub-urban rail or metro rail systems. In most 
cases the available capacity and pace of development of these formal public transport systems is 
inadequate to handle the increasing travel demands of the users (Cervero (2000), Phun and Yai, 
2016). This led to the emergence of informal public transport systems which are owned and 
operated privately. Typically known as Intermediate Public Transport (IPT) or paratransit systems, 
they provide shared transport services between important origins and destinations in cities with 
unmet public transport demand. In the developed world paratransit services are often associated 
with demand-responsive ‘dial-a-ride’ systems provided for persons with disabilities. In the 
developing world paratransit services are usually provided at a far larger scale for the general 
population, often by unregulated or illegal operators within the informal sector. These services are 
normally individually owned and operated and unlike formal public transport, do not follow a fixed 
route network, frequency and timetables (Ferro and Behrens, 2013). They operate along a few high 
demand corridors with adequate flexibility to switch between routes and destinations according to 
the user demand. These services typically operate as an independent system and may not 
necessarily be designed or operated as a feeder to the formal public transport system.  
While both formal transit and paratransit services operate with the common objective of 




independently with limited integration within the city’s governance, policies and planning 
processes (Ferro and Behrens, 2015). This further leads to multi-fold problems like lack of 
regulatory clarity on the role of paratransit system as a form of public transport, lack of 
complementarity between formal transit and paratransit systems i.e. concentration of both the 
operations along high-demand corridors while many areas remain underserved, increased 
congestion on roads created by oversupply of competing services, poor air quality due to emissions 
from ill-maintained paratransit vehicles. Therefore, the need for greater integration between these 
modes has been highlighted by many successive studies (Cervero and Golub, 2007, Ferro and 
Behrens, 2013, Phun and Yai, 2016). As detailed further in the international literature review 
section, majority of the research on paratransit systems focusses on means for their institutional 
and regulatory integration into the transport governance of the city. The operational aspects of 
competing public and paratransit systems and their relative performance received limited attention.  
1.2 Urban mobility scenario in India 
India’s urban population is projected to increase from 377 million in 2011 to approximately 
600 million by 2030 (UN, 2015). We currently have approximately 468 cities with a population of 
more than 100,000 inhabitants (Census, 2012b). The sustainable development of these cities 
depends on developing safe and low carbon transport systems to meet citizens’ needs for access to 
the required goods, services and activities. Many small and medium sized Indian cities are still 
low on per-capita incomes and vehicle ownership rates compared to many developed and 
developing economies. As a result, usage of personalised cars and two-wheelers is still 
prohibitively expensive for large sections of the society, which are still reliant on public modes of 




Table 1 provides an overview of the mode shares of work trips in Indian cities of various 
population categories. Since the census of India database doesn’t provide mode share information 
for cities with less than one million inhabitants, the mode share database provided in Moser et al. 
(2016) is presented in Table 2. This covers the mode share data of 27 Indian cities across 
population and trip purpose categories aggregated from their Comprehensive Mobility Plans 
(CMP). Both the databases point to walk being the dominant mode of transport across cities, 
followed by two-wheelers. Among shared modes of transport, bus and three-wheelers are the most 
used modes, while rail based modes have a significant share only in the metropolitan cities. The 
comparision across city sizes and trip purposes presented in Table 2 highlights the relative shares 
of buses and three-wheelers across cities. Buses cater to a significantly higher share of trips in the 
metropolitan cities, while informal shared services offered by three-wheelers dominate the shared 
mobility trips in the smaller cities. However, in the small and medium sized cities i.e. cities with 
population less than 10 million, the mode shares of bus systems decrease while the mode shares 
of paratransit modes like three-wheelers is equivalent to or more than the formal bus systems. As 
the city size reduces it is also observed that the proportion of two-wheeler trips increase. This 
shows the inadequacy of the combined public transport services provided by the formal and 
informal systems. 
Table 1 Mode Shares for work trips in Indian cities 
Population Category >5 million 2–5 million 1–2 million 
Bus 23 6 12 
Three-wheeler 4 9 5 
Rail/ Metro 9 2 2 




Two-Wheeler 20 30 27 
Cycle 9 21 21 
Walk 27 26 27 
Total 100 100 100 
 (Source: (Census, 2012a)) 
Table 2 Mode Shares of Indian cities across trip purposes 
Population Category >10 million 1-10 million <1 million 
Bus 20 13 4 
Three-wheeler 3 11 13 
Rail/ Metro 14 2 0 
Car 6 3 2 
Two-Wheeler 9 23 27 
Cycle 5 13 6 
Walk 43 37 49 
Total 100 100 100 
Source: (Moser et al., 2016) 
 
While the current share of sustainable modes of transport like walk and public transport 
are high, serious backlogs exist in urban transport infrastructure and services provided in most 
cities. Only 67 Indian cities have access to a formal public transport system. Lack of efficient 
public transport and its access infrastructure, combined with increasing incomes is leading users 
to shift to alternatives means of mobility including increased use of private vehicles. As a result, 
urban mobility systems in India are contributing to the deterioration of air quality, reduced traffic 
safety and increasing congestion on roads (Pucher et al., 2005, Wilbursmith, 2008, Guttikunda et 





Various policy initiatives of the Government of India (GoI) have provided 
recommendations on the urban development, transport planning and infrastructure supply 
solutions to address the challenges of urban growth. These include: the National Urban Transport 
Policy (MoUD, 2006), National Transport Development Policy , Twelfth Five Year Plan (MoUD, 
2012b) , National Mission on Sustainable Habitats (MoUD, 2011) and the High Powered Expert 
Committee report on Indian urban infrastructure and services (HPEC, 2011). One of the key 
recommendations that was emphasised in all the policies is to provide a good quality public 
transport system in the cities. An efficient public transport system helps in meeting the mobility 
needs of a city using fewer financial and energy resources compared to a private vehicle oriented 
mobility. It also helps in improving the public health and wellbeing of the inhabitants by reducing 
pollution and improving safety on roads (Census, 2011b, Woodcock et al., 2009). 
 
In line with the policy recommendations, the Ministry of Urban Development (MoUD) of 
the Government of India has identified improving public transport infrastructure and services as a 
priority and made investments across the country through the Jawaharlal Nehru Urban Renewal 
Mission (JNNURM) between 2007 and 2014 (MoUD, 2012a). These efforts are being continued 
through the ongoing urban development missions like the Atal Mission for Rejuvenation and 
Urban Transformation (AMRUT) and the Smart Cities mission (MoHUA, 2018). The investments 
in public transport included funding to augment or introduce bus fleets and to develop mass rapid 
transit systems like Bus Rapid Transit System (BRTS) and Metro rail systems across the country. 
Even after these efforts, only 67 cities in the country have formal city bus systems. While 49 cities 




decade, with partial financial assistance from the Government of India’s (GoI). 11 of these cities 
have also taken up BRT systems and 6 cities have taken up metro systems funded partially or 
totally by the Government (MoUD, 2013). The efforts of Government of India are similar to other 
developing countries in Latin America and Africa that tried to build formal transit systems in order 
to improve the public transport systems in cities (Ferro and Behrens, 2013, Ferro and Behrens, 
2015). 
However, such simplistic top down approach of adding city bus fleet or BRT corridors to 
cities does not necessarily match well with the mobility needs and existing transport systems in 
cities. The bus fleet sanctioned by Government of India were decided based on the population of 
the city without considering any other mobility or development characteristics of the city like it’s 
area, population density, travel demand patterns etc. Additionally, the government’s definition of 
“public transport” is restricted to bus and rail based systems and doesn’t consider localised and 
informal tranport services like shared auto-rickshaws, maxi cabs, mini buses etc. In this context, 
the following sections present an overview of the existing bus and paratransit systems in Indian 
cities.  
1.2.1 City bus systems in Indian cities 
Bus based public transport systems in India are traditionally provided by State Transport 
Undertakings (STUs) formed under the Road Transport Corporations (RTC) Act 1950 (GoI, 1950). 
More recently, many cities have set up Special Purpose Vehicles (SPVs) to provide city bus 
services under Public Private Partnerships (PPP). In both cases, a Government agency in the city 




services are also carried out by the Government agencies, while a few cities outsource their 
services to private operators.  
The operational characteristics of eight of the most populated Indian cities were reviewed to 
understand their existing performance. Figure 1 presents a few key indicators of their performance: 
• Total fleet size, to understand their overall capacity 
• Percentage schedule adherence, to understand their punctuality 
• Passengers carried per bus per day that indicates the efficiency of each bus and  
• Total passengers carried, to indicate their overall contribution to the city  
All the seven cities represented in the chart have a population of more than 5 million 
inhabitants. However, the total bus fleet operating in these cities varies significantly, with 
Bangalore having the maximum fleet among all the cities, while Kolkata has the least. The 
schedule adherence was maintained at similar levels in most cities, except Ahmedabad, which 
showed a significant improvement. Most of the cities cater to more than 600 passengers per bus 
per day, which is high compared to International standards (UITP, 2017). Chennai has more than 
1200 passengers per bus indicating a heavily loaded system with inadequate fleet. Delhi, Mumbai, 
Chennai and Mumbai carry more than 1 billion passenger trips per year, which indicates the huge 
number of people dependent on their services.  
However, the performance of the city bus systems hasn’t improved significantly in any of 
the cities to match the passenger demands. The fleet size and passengers carried have been 
declining in most of the cities. Such decline in capacity and ridership was observed despite these 
cities witnessing an increase in population and economic activity indicates an urgent need for 




India’s stated policy goal of improving formal public transport systems, highlights the need to 
improve the current efforts towards improving bus systems.      
 
Figure 1 Performance of city bus systems in India 
Source: (MoRTH, 2017a) 
1.2.2 Paratransit in Indian cities 
The term “paratransit” conventionally describes a flexible mode of shared passenger 
transportation that does not necessarily follow fixed routes or schedules. . However, the following 
variations in paratransit defnitions are observed in literature 
i)  In developed countries paratransit services are often associated with demand-responsive 
‘dial-a-ride’ systems provided for individuals with mobility challenges including elderly 




ii) In the developing world paratransit services are usually provided at a far larger scale for 
the general population, often by unregulated or illegal operators within the informal sector. 
For this reason, paratransit in the global south is sometimes also referred to in the literature 
as “informal” transport. In cities where the formal systems are absent or have inadequate 
capacity, these informal modes operate as paratransit, also known as an Intermediate Public 
Transport (IPT), providing unscheduled but high frequency services along high demand 
corridors. Paratransit services are provided by a wide-range of vehicle types such as three-
wheelers with small capacity to vans, tempos and even mini-buses (Ferro and Behrens, 
2013) 
  Table 1 and Table 2 show the significant mode share of three-wheelers which provide 
paratransit services in small and medium sized Indian cities, with limited access to formal public 
transport (Ferro et al., 2012). Depending on the size and transport characteristics of a city, 
paratransit modes operate in two broad categories: (a) taxi (point to point) services, which are 
flexible demand-based services in which the passenger determines the destination, and (b) informal 
public transport (bus-like) services characterized by shared fixed-route services with intermediate 
stops for boarding and alighting. The license for operation of each vehicle is issued by the Road 
Transport Authority (RTA) of each city on an annual basis, for each vehicle to operate as a 
‘contract carriage’ i.e. as a taxi service for end to end trips (Badami and Haider, 2007). However, 
a soft enforcement regime allows them to operate as a ‘stage carrier’ i.e. as a shared mode of 
transport operating as a shuttle service along fixed routes (Mani et al., 2012a, IUT, 2014). Each 
paratransit vehicle operates independently with limited coordination with the remaining operators. 




agency. By virtue of being individually owned and operated, their services are more demand 
responsive compared to the formal bus systems.  
Figure 2 shows the proportions of various shared modes of transport per-capita i.e. the share 
of bus, taxi and paratransit vehicles registered per person in various cities for the year 2015 
(MoRTH, 2017b). In most cities, the paratransit share of vehicles per-capita is much higher than 
the bus and taxi numbers. While it is acknowledged that the actual service offered by these vehicles 
depends on their capacity and operational characteristics, the number of vehicles registered is a 
good indicator of the market demand for these vehicles. The high share of paratransit vehicles in 
most cities underlines their important role in meeting the public transport demand in cities. While 
paratransit caters to a significant proportion of trips in cities, even greater than the city bus system 
in many cases, being privately managed and informal in nature has traditionally excluded them 
from the formal transit policy and planning processes (Wilbursmith, 2008). This has led to the 
formal and informal systems operating in silos and competing with each other, rather than 
synergising to meet the larger societal objective of maximising transit services in the city.  
An integrated public transport system in a city would require the bus and paratransit systems 
in a city to integrate their operations such that they complement each other and deliver a wider 
network of services. Therefore it is important for cities to acknowledge the role of paratransit 





Figure 2 Proportion of per-capita shared transport vehicles in Indian cities 
(Source:(MoRTH, 2017b)) 
1.3 Need for the current study  
The previous sections highlight how the Government sanctioned formal public transport is 
witnessing a decline in capacity and performance while paratransit, which forms the mainstay of 
shared mobility is being neglected in the policy and planning practices. As a result, the overall 
attractiveness of formal and informal public transport services is on the decline and many Indian 
cities are witnessing a significant increase in users shifting to personal modes of transport, like 
cars and two-wheelers, further leading to externalities like increased congestion, poor air-quality 
(Guttikunda et al., 2014).  
In addition to the local challenges faced by Indian cities, global research on Sustainable 
Development Goals (SDGs), new urbanism and climate-change mitigation initiatives point 
towards the need to retain and enhance public transport usage in Cities (UITP, 2017, UNDP, 2015). 
Emerging economies like China, India and African countries have a significant role in addressing 
these global challenges given their higher share of growth rate in urban population. Therefore, a 
























































































































































































developing countries in improving their own systems. A framework for integrating market driven 
initiatives like paratransit into the formal public transport planning processes can help these 
countries in meeting their urban mobility challenges efficiently. 
 A framework for integrating formal and informal services will require a comprehensive 
understanding of the two key stakeholders of these systems i.e. its users and service providers. In 
this context, the current thesis developed a methodology for a comprehensive analysis of the 
comparative travel behaviour of users and performance characteristics of both the systems. The 
demand and supply characteristics of the two systems were used to develop an integrated 
frequency optimisation model that determines the optimal frequency and fleet requirements of the 
systems for the overall public transport demand. The methodology was demonstrated for the case 
of a medium sized Indian city, with significant presence of formal and informal systems. The 
frequency optimisation model was applied to test the impact of alternative scenarios of bus and 
paratransit systems for the case city. 
The following sections provide a summary of the state of the art literature on integrating 
public and paratransit services, followed by the methodology adopted for the current study, the 
details of data collection, analysis and the findings.  
1.4 Aim and Objectives of the thesis 
The aim of this thesis is to develop an integrated service planning framework for public transport 
and paratransit systems in Indian cities that incorporates the distinctive characteristics of users and 
operators of the two systems and optimises their frequency and fleet requirements 
1.4.1 Objectives of the thesis 




i. Comparing the socio-economic and travel demand characteristics of public transport and 
paratransit users 
ii. Establishing the relative operational characteristics and performance efficiency of public 
transport and paratransit systems 
iii. Developing a multi-modal framework to optimise frequency and fleet requirements of each 
mode by balancing users’ travel needs with operators’ cost considerations 
iv. Analysing alternative demand and supply scenarios to quantify the impacts of alternative 
public transport development scenarios in a city and recommending a way forward for 
integrated public transport improvement 
1.5 Organisation of the thesis 
This thesis is organised into a total of seven chapters. Chapter 1 is the introduction chapter, 
followed by literature review in Chapter 2. This includes a detailed review of the state of the art 
literature on the key focus areas of the study i.e. literature on travel behaviour research of public 
transport and paratransit users, performance efficiency measurement and benchmarking of public 
transport systems, previous approaches for formal public transport and paratransit service 
integration and finally literature on transit network frequency setting problem and transit flow 
assignment. Chapter 3 explains the methodology adopted in this study including data collection, 
comparative analysis of user characteristics and operational efficiency of bus and paratransit 
services followed by the integrated travel demand modelling and frequency optimisation. Chapter 
4 focusses on the case city selection to apply the adopted methodology and a detailed description 
of the data collected for various components of the thesis. The analysis of user characteristics and 
operational performance is presented in Chapter 5 along with the key findings on the relative roles 




frequency optimisation model developed for the case city. Results for the model are presented for 
the current operations in the city along with alternative scenarios of bus and paratransit integration 
and their societal impact. Chapter 7 presents the key conclusions derived from the various 
components of the study i.e. findings from user characteristics analysis, operational performance 
evaluation, integrated modelling of the two systems and the key findings from the scenario 
analysis. The chapter also highlights the key research contributions of this thesis and scope for 





2 Literature review 
Published research papers and reports have been reviewed to understand the current 
approaches being adopted to solve for the objectives identified for this thesis. The findings from 
the reviewed literature are grouped into the following thematic areas of research:  
i) Analysing travel behaviour of formal public transport and paratransit modes 
ii) Evaluating performance efficiency of formal transit and paratransit systems  
iii) Integrating both the systems such that their service supply is optimised by balancing users 
and operators  
2.1 Analysing travel behavior of formal public transport and paratransit users 
Literature review focussed on the methods to collect and analyse data for a comprehensive 
understanding of the travel behaviour of formal public transport and paratransit users and their 
relevance to understand paratransit user behaviour at the city level.  
2.1.1 Travel behaviour research on public transport users in Indian cities 
Previous research on public transport in India focussed majorly on establishing their 
important role in meeting the increasing demands for mobility, supporting the economic 
development and environmental sustainability of cities and the need to improve its capacity and 
efficiency.  Tiwari (2002) and Pucher et al. (2005) present the current mode choice behaviour of 
users across various Indian cities. Both the articles highlight that the low income and vehicle 
ownership levels have led to public transport, walk and cycle being the most preferred travel 
options for users. However, lack of adequate policy focus and infrastructure creation to retain 
current mode shares is leading to increased ownership and usage of private vehicles, further 




City-level analysis of the public transport mode choice behaviour in India received limited 
research attention as captured here. Suman et al. (2016) present the mode choice behaviour of bus 
commuters in New Delhi and establish the declining bus patronage with due to increase in personal 
income and vehicle ownership patterns. Suman et al. (2017) compare the travel characteristics 
between mode choice behaviour of bus commuters in Delhi and Mumbai. Overcrowding of buses 
was identified as a major reason for declining bus commuters in both the cities, followed by 
inadequate reliability, comfort and travel time. Similarly, Vedagiri and Arasan (2009) developed 
mode choice models for user preference between buses and paratransit in Chennai and identified 
travel time as the key variable impacting mode choice. Analysis by Srinivasan and Bhargavi (2007) 
for Chennai also revealed that declining bus ridership can also be because of factors external to 
bus system like growing vehicle ownership and poor congestion management in the city. Deb and 
Filippini (2010) have analysed public transport demand variations of twenty-two Indian cities 
between 1990 and 2001. The analysis highlighted service quality, social and demographic 
characteristics are important variables to determine bus demand while the impact of fares wasn’t 
significant. Goel and Tiwari (2015) and Rastogi and Krishna Rao (2003) studied the characteristics 
of access and egress trips made by rail based mass-transit users in Delhi and Mumbai respectively. 
Both the articles establish the travel characteristics of users in accessing mass transit modes. 
In summary, literature on public transport mode choice behaviour in India is limited and has 
traditionally focussed on formal public transport modes like bus, metro and sub-urban rails. The 
demand patterns of informal public transport services which are ubiquitous across India and the 
comparative mode-choice behaviour of their users has not been presented in any of these articles. 
Furthermore, most of the existing public transport research in India was focused on large cities 




range of 100,000 to 5 million inhabitants, where the user characteristics and their mobility needs 
vary significantly compared to the larger cities (Census, 2011b). However, little research exists 
regarding the public transport users in such cities. The emphasis on an integrated analysis of formal 
public transport and paratransit user characteristics has been limited. The lack of understanding of 
the relative commuter preferences of these modes is a key barrier towards planning for an 
integrated system. 
2.1.2 International review of public transport user behaviour analysis 
The topic of travel behaviour research and mode-choice of individuals using formal public 
transport and private transport modes has been covered extensively in literature. The data for travel 
behaviour and mode choice analysis of users is typically captured through Revealed Preference 
(RP) surveys to understand preferences about existing modes of transport and through Stated 
Preference (SP) surveys in the context of a proposed new mode of travel. The source and scale of 
data used to derive these models varies across studies.  
Stopher and Greaves (2007) compared alternative data collection methods explained above. 
They identified household survey based activity and travel diary collection to be capturing the 
most detailed and accurate information compared to alternatives like panel survey of existing 
users, telephonic and internet based surveys. Face to face interview based surveys also suit better 
in low-income countries like India where the penetration of technology is relatively low, therefore 
hampering internet, phone or mobile application based surveys.  
The most popular method for analysing the travel behaviour and mode choice data across 
multiple modes are discrete choice models, particularly the Multinomial Logit (MNL) models. The 
MNL models are based on disaggregated data of individuals using various modes. This includes 




characteristics like trip purpose, distance, travel time and perception towards shifting between 
different modes. In case of public transport trips, the travel-specific parameters typically include 
detailed breakup of the trips including access to the transit stop, waiting time, in-vehicle trip time 
and egress trip time i.e. from the alighting stop to the final destination. In case of only two 
competing modes, a binary logit model may be adopted (Koppelman and Bhat, 2006). The 
applications of these methods to understand public transport user behaviour are summarised below.  
Hensher and Rose (2007) used a Stated Preference (SP) based household survey approach 
to parameterise mode choice models for commuting and non-commuting travel patterns in Sydney 
in the context of a new public transport infrastructure. Nested logit models were developed to 
establish mode choice behaviour of transit users and non-users in the city. Access and wait times 
of users were identified to be the mode specific attributes significantly influencing the mode choice 
of public transport while gender and income are the socio-economic attributes with significant 
influence. (Idris et al., 2014) use a combined Revealed Preference (RP) and SP questionnaire 
survey of daily commute travellers to study the role of service attributes in determining users’ 
mode choice behaviour in Toronto. A web-based panel survey of 3,769 commuters was adopted 
for data collection. The article concludes that Level of Service (LOS) attributes like waiting time, 
system reliability, number of transfers and crowding level of the system are of more importance 
to user compared to travel cost and in-vehicle travel time. Imaz et al. (2015) used the same data to 
model the key attributes impacting customers’ loyalty to public transport using a binary logit 
model to compare transit users and non-users. Service quality and reliability were identified as the 
main drivers of public transport customer loyalty. Particularly, transit users were observed to be 
sensitive to the level of crowding of the transit vehicles, as well as to travel and wait times. Van 




perception of three categories of users i.e. captive users, non-captive users and captive by choice 
users (users who can afford a car but don’t own one). Five years of customer satisfaction survey 
data of 11,938 transit users in Montreal was modelled to measure user behaviour for the following 
attributes: Service quality of bus and train, reliability, safety, information and cleanliness. Captive 
users' satisfactions with transit services more influenced by safety of the service while quality of 
information was more important to choice and captive by choice users. Reliability of services were 
more significant for mode choice compared to the planed frequency.   
Dell’Olio et al. (2010), Dell’Olio et al. (2011) used a commuter survey based approach to 
study users’ perception of transit service quality before and after providing them with information 
of the attributes of their system. A sample survey comprising of RP and SP questionnaire was 
carried out on board buses in the city of Santander revealed waiting time, cleanliness and comfort 
as the variables that define the quality desired from a city bus system. Nor et al. (2006) carried out 
SP surveys on-board public transport services in the city of Putrajaya, Malaysia to identify 
measures to improve transit ridership in the city. MNL models were used to establish users’ travel 
preferences. Improvements in transit service quality was identified as one of the key measures to 
improve demand but external measures like congestion and parking price were identified as more 
important. Basuki Joewono and Kubota (2008) carried out on-board surveys of 980 paratransit 
users in Bandung, Indonesia to understand users’ satisfaction with the paratransit operations. The 
article establishes the key service attributes like accessibility, reliability and convenience offered 
by paratransit services as the key reason for their current demand. However, retaining their low 
fares was identified as the most important attribute to retain and increase their users. Weng et al. 
(2018) analysed the mode choice behaviour between bus and rail transit users in Beijing. A 




708 users including 369 bus and 339 rail transit users. A binary logit model was developed to 
analyse the mode choice behaviour and was validated using smart card data of existing users. 
Gender and travel time were observed to be the variables with the highest correlation with mode 
choice between bus and rail based transit. 
 Kuhnimhof et al. (2012) adopted a combination of secondary data sources to study the 
trends of public transport usage among various categories of users in Germany. The National 
household Travel Surveys (NTS), Income and Expenditure Surveys (EVS) along with articles 
providing time-series data on mode shares were used to establish decreasing car usage among 
young adults in Germany and increasing multi-modality in trip patterns. Similarly, (Molnar and 
Mesheim (2010), Kuhnimhof et al., 2012) used the National Transport Study (NTS) in Britain to 
derive Multinomial Logit (MNL) models for public transport mode-choice behaviour. The article 
identified age and gender as key factors in mode choice as younger males in Germany have more 
multimodality and lesser car ownership and usage. 
 The summary of the literature on travel behaviour analysis of public transport users is 





Table 3 Summary of international literature on public transport mode choice behaviour  
Authors Objectives Data used Modelling approach Key findings Location 
(Nor et al., 2006) Identifying measures to 
improve transit ridership in 
Putrajaya 
Stated Preference (SP) 




• Improving service quality 
may only lead to 20-25% 
improvement in transit 
ridership.  
• Demand restriction measures 
like cordon pricing and 
parking charges have a larger 






Estimating demand for a 
new transit mode 
Household surveys for 
Stated Preference (SP) data 
of 453 individuals 
Nested logit 
model  
• RP data recommended only to 
establish current case 
• SP & nested logit models 
should be used for demand 
prediction 
• Access and wait times among 
mode specific attributes, 
gender and income among 
socio-economic attributes 
were the attributes influencing 





Measuring user satisfaction 
with paratransit services 
980 on-board surveys 
covering service quality and 
general information 
MNL • Service quality attributes like 
accessibility, reliability and 
convenience of paratransit 
users have resulted in current 
demand.  
• However, retaining current 







 (Dell’Olio et 
al., 2010) 
Study users’ perception of 
transit service quality before 
and after providing them 
with information of the 
attributes of their system 
RP+ SP survey of 768 users 
at bus stops and throughout 
the city 
MNL Wait time, cleanliness and comfort 
are the variables that define the 
quality of service 
Santander, 
Spain 
(Dell’Olio et al., 
2011) 
Variables impacting mode 
choice of current and 
potential users 
RP + SP surveys-On board 
and bus stop surveys  
MNL Wait time, journey time and level 






Trends of public transport 
usage among various 
categories of users in 
Germany 
Secondary data from 
National household Travel 
Surveys (NTS), Income and 
Expenditure Surveys along 
with other time-series data 
on mode shares 
Multi-level 
regression 
Age and Gender are key factors in 
mode choice as younger males in 
Germany have more 
multimodality and lesser car 




(Idris et al., 
2014) 
Identifying key transit 
attributes affecting mode 
shift towards public 
transport 
Web based survey of 1,211 
shortlisted for using RP+SP 
questionnaire in Toronto 
MNL • Travel cost, time and socio-
economic variables affect 
mode choice behaviour 
• Additionally, Level of Service 
(LOS) attributes like wait 
time, reliability, number of 
transfers, transit technology 
and crowding level are also 
significant 
Toronto 
(Imaz et al., 
2015) 
Key attributes impacting 
loyalty of customers 






• Service quality and reliability 
attributes are the main drivers 
of public transportation 
customer loyalty 
• Transit users are particularly 
sensitive to the level of 
crowding of the transit 
vehicles, as well as to travel 





(Van Lierop and 
El-Geneidy, 
2016) 
Influence of transit users' 
perceptions of service 
quality and user satisfaction 
on loyalty of various user 
groups i.e. captive public 
transport users, non-captive 
users and captive by choices 
users i.e. one's who can 
afford a vehicle but don’t 
own it. 
Five years of customer 
satisfaction questionnaires  
between 2009 and 2013 
collected by two Canadian 
transit providers of 11,938 




• The user behaviour is 
measured using the following 
attributes: Service quality of 
bus and train, reliability, 
safety, information and 
cleanliness 
• Captive users' satisfactions 
with transit services more 
influenced by safety and less 
by quality of information 
which is important to choice 
and captive by choice users.  
• Reliability more significant 
for mode choice compared to 
frequency 
Montreal 
(Weng et al., 
2018) 
Analysing mode choice 
behaviour of public 
transport users in Beijing 
RP and SP surveys for 
disaggregated binary logit 
model+ smart card data for 
model validation. Online 
survey and manual survey at 
transit stops of 708 users 
including 369 bus and 339 
rail transit users. 
Binary logit • Gender and travel time are the 
variables with the highest 
correlation with mode choice 








2.1.3 Summary of public transport travel behaviour  
The topic of travel behaviour research and mode-choice of individuals using formal public 
transport and private transport modes has been covered extensively in literature (Idris et al., 2014, 
Dell’Olio et al., 2010, Hensher and Rose, 2007, Kuhnimhof et al., 2012). However, literature on 
travel characteristics and mode choice behaviour of paratransit users is limited to studies which 
used sample surveys of existing paratransit users to understand their travel behaviour (Basuki 
Joewono and Kubota, 2008, Yaakub and Napiah, 2011). We couldn’t find any literature comparing 
the mode choice behaviour between formal public transport and paratransit service users.  
The key findings from the literature presented above is that public transport mode choice 
behaviour is typically dependant on the personal or socio-economic characteristics of users like 
age, income etc. and their travel characteristics like travel time, trip length, wait-time etc. The 
travel characteristics of users are further dependent on transit service quality attributes like 
frequency, reliability, cleanliness and comfort. The data to understand public transport user 
behaviour can based on RP survey of existing commuters, SP survey of existing and potential 
commuters, a combination of RP and SP surveys and even based on secondary data sources. This 
data is typically collected either though household surveys, on-board and off-board surveys either 
online or in-person. Multinomial and binomial logistic regression based methods were typically 
adopted to predict choice behaviour and its correlation with various attributes of individuals.  
Public transport user behaviour in the Indian context have been limited to a few studies 
(Suman et al., 2016) (Massimo and Kaushik, 2010) (Vedagiri and Arasan, 2009) (Srinivasan and 
Bhargavi, 2007). These studies have focussed on analysing user choice behaviour towards public 
transport modes in Indian cities. Various socio-economic and travel attributes of users that 




predominantly on formal transit modes like bus and rail based systems, present in metropolitan 
cities. Research on informal transport services in India is limited to a few which provide a 
macroscopic overview of the urban transport sector in India studies (Pucher et al., 2005) (Singh, 
2005) (Mani et al., 2012b). The emerging vehicular and passenger modal share trends across Indian 
cities are analysed to propose the policy roadmap required to incorporate paratransit into the 
sustainable transport development paradigm in India. The travel behaviour analysis of paratransit 
users in small and medium sized cities hasn’t received much attention. 
The current thesis will address the gaps in literature by using detailed household survey data 
to establish the detailed socio-economic and travel characteristics of paratransit users and how they 
compare with formal public transport users. Further, the variables that show significant correlation 
with their mode choice behaviour between the two modes will also established.  
2.2  Evaluating performance efficiency of formal transit and paratransit systems 
Efficiency represents the performance of an organization or a service by the amount of 
output produced for a given amount of input (energy, time, money). Efficiency evaluation of a 
service enterprise depends on how well the service is managed, how well that is received and how 
big the organization is (Sherman and Zhu, 2006). To understand the current performance of city 
bus systems and to compare it with the operations of the shared services offered by the paratransit 
system, the literature review focused on analytical methods to benchmark public transport systems. 
Benchmarking involves comparison of individual service enterprise efficiencies to the most 
efficient service of the sample under consideration. It is commonly carried out through frontier 
techniques which put the most efficient services on the frontier and evaluate the rest of the services 




2.2.1 Methods for performance efficiency benchmarking 
Daraio et al. (2016) provide a comprehensive overview of the various methods and indicators 
used to compare public transport performance. They combine the varying methods adopted by 
transport planners and economists to develop a comprehensive set of indicators to measure the 
performance of bus systems and the analytical methods needed to develop these indicators. 
Broadly, performance benchmarking of public transport is carried out to measure the efficiency 
and efficacy of the system. Each operator is considered as a Decision Making Unit (DMU) to 
measure various input and output variables concerning the provision of public transport service. 
Input variables typically include physical and financial measures like hours of operation, number 
of depots, number of vehicles and employees, capital and operational expenditure on the system. 
Output variables typically include variables measuring the service supply and its usage i.e. capacity 
offered by the system, duration of service and the financial performance of the system i.e. the 
revenue generated. DEA is the most widely used method to combine these input and output 
variables into a scalar measure of operational efficiency. 
The methods used for benchmarking analysis can be classified into parametric and non-
parametric techniques. Stochastic Frontier Analysis (SFA) is the most preferred technique for 
parametric benchmarking while for non-parametric benchmarking, Data Envelopment Analysis 
(DEA) is the preferred technique (Aigner et al., 1977) (Meeusen and van Den Broeck, 1977). A 
comparative review of the results of alternative methods used for efficiency analysis of public 
transport systems was provided by (Jarboui et al., 2012, Brons et al., 2005, Sampaio et al., 2008). 
Their reviews conclude that there exists no significant difference between DEA and SFA in 
estimating the relative efficiencies of transit systems. However, SFA doesn’t consider more than 




doesn’t establish their relationship with efficiencies explicitly (Garcia Sanchez, 2009). While DEA 
doesn’t propose any mechanism to attain efficiency, it quantifies the changes needed for the 
inefficient unit to become efficient according to the outputs being sought (Saxena and Saxena, 
2010). DEA also determines the weightages of each input and output variable within the overall 
efficiency as an output, as against the pre-determined weightages adopted by SFA (Sherman and 
Zhu, 2006).  
2.2.2 Applications for performance efficiency benchmarking  
 Performance benchmarking methods explained above were applied for urban public 
transport systems in multiple contexts and at various scales. (Trompet and Graham (2012), 
Trompet et al., 2009, Sampaio et al., 2008, Trompet et al., 2018) have compared the performance 
of public transport systems across fifteen cities which are part of the International Bus 
Benchmarking Group (IBBG). These articles focus on identifying the normalised Key 
Performance Indicators (KPI) for effective performance comparison between cities with varying 
types of public transport capacities. The articles recommend indexing network efficiency 
performance of the system by operating cost, passenger-km and vehicle hours of service provided. 
Sampaio, Neto, and Sampaio 2008 adopted a DEA based approach for efficiency measurement of 
nineteen metropolitan transport systems in Brazil and Europe to understand the impact of 
institutional structure on system performance. The article concluded that systems with greater 
diversity in governance and one’s with more tariff slabs have higher performance efficiency. 
 (Silver, 2013, Chang and Kao, 1992, Min, 2013) measured relative performance of five 
public and private bus operations in Taipei city. Their DEA based analysis showed an 
improvement in efficiency post liberalisation of the bus services in the city. The study by Nolan et 




comparative operational efficiency of 25 selected mass transit systems in the U.S. The study found 
that higher than-average fleet age and federal subsidies adversely affected transit efficiency, 
whereas locally based subsidies had a positive impact. Min et al. (2015) compared the performance 
of twenty four mass transport operators within the city of Ohio, USA to identify sources of 
inefficiency across operators. The DEA based analysis identified lower performing operators with 
the objective of ensuring effective utilisation of mass transport subsidies.  
2.2.3 Benchmarking of Indian bus systems  
Applications of DEA to measure performance efficiency of Indian bus systems have been limited. 
Agarwal et al. (2010) used DEA to compare the performance of 35 State Transport Undertakings 
(STUs) providing intra-city and inter-city services for the year 2004-05 using both CCR and BCC 
methods. The scale efficiency of each of the STUs and the percentage reduction potential for 
various input resources to reach the efficiency frontier were derived. Accidents per lakh km of 
operation, fleet and staff strength were identified as the variables with significant efficiency 
improvement potential. Similarly, Saxena and Saxena (2010) applied CCR and BCC methods of 
DEA to study the performance of 25 Indian STUs between 2002-03 and 2004-05. Using fleet size, 
total staff and fuel consumption as inputs and passenger-km and seat-km of service as outputs, the 
article derives the relative efficiencies of STUs. The analysis identified the best and least 
performing STUs and their potential for improving their technical and scale efficiencies. However, 
both these articles combine intra-city and inter-city bus systems for their analysis, which wasn’t 
an accurate comparison considering their varying operational characteristics, passenger 
requirements etc. Further neither of these studies evaluate the impact of external variables on the 
STUs’ efficiency. Hence the findings from these studies don’t provide conclusive insights on the 




DEA based approach to analyse factors affecting performance of urban transport systems in India. 
Eight urban bus services were analysed using three DEA models with separate output variables 
i.e. effective km for supply efficiency, passenger km for service consumption efficiency and total 
revenue for cost efficiency. Buses held, total staff and total cost were used as the common input 
variables across models. Additionally, external variables with significant correlation with bus 
system efficiency were established. Supply efficiencies remained relatively constant, but 
consumption and revenue efficiency varied over the years analysed. Among external variables, 
city population exhibited significant, but negative correlation with supply efficiency i.e. cities with 
more population have lesser vehicle-km per day. Consumption efficiency has a significant positive 
correlation with buses per million population and the share of trips between 5-10 km while revenue 
efficiency while revenue efficiency had a significant correlation with the overall economic 
performance of the city.  
 The summary of literature on applications of performance benchmarking explained above 










Table 4 Summary of literature on public transport performance efficiency benchmarking 
Authors Objectives Data Key findings Method 
(Chang and Kao, 
1992) 
Measure relative performance 
of public and private bus 
operations 
Five intra-city bus operators in 
Taipei city 
Improved efficiency after liberalising 
public transport services  
DEA 
(Nolan et al., 2001) Impact of subsidies on 
efficiency of transit agencies 
25 mass transit agencies in USA 
between 1989-1993 
• Structure of government subsidy to 
transit agencies negatively affects 
both cost efficiency and technical 
efficiency  
• Federal operating subsidies create 
significant and negative impacts on 
technical efficiency, but local based 
subsidies are positively correlated 
with efficiency 
DEA 
(Sampaio et al., 2008) Impact of institutional 
structure and tariff structure on 
Efficiency 
19 public transport systems: 7  
Brazilian cities data from 2001 
and 12 European cities from 
2005 
• Higher no of  participants in 
governance of system leads to better 
system efficiency                              
Efficient systems have greater tariff 
options/ slabs 
DEA 
(Trompet et al., 2009) provides a framework for 
benchmarking practitioners 
and policymakers that suggests 
the key variables to be 
considered for comparison 
between peers 
13 cities of the International Bus 
Benchmarking Group (IBBG) 
between 2001-2007 
• Variability exists between cities.  
• Depending on performance of each 
city on various indicators, area of 
improvement can be determined 
Normalised 
KPIs 
(Agarwal et al., 2010) Compare performance 
efficiency of Indian bus 
agencies 
35 Indian inter-city bus 
operators 
Accidents per lakh km of operation, fleet 
and staff strength identified as the 
variables with significant efficiency 
improvement potential 
DEA 
(Saxena and Saxena, 
2010) 
Measuring performance 
efficiency in Indian State 
Transport Undertakings 
(STUs) 
25 Indian STUs between 2002-
03 and 2004-05 
 
 
Passenger-km of demand identified as the 
key variable to understand efficiency of 
Indian STUs. Only a small fraction of 
Indian bus agencies are efficient, with 






(Trompet and Graham, 
2012) 
Provides a framework for 
benchmarking practitioners 
and policymakers that suggests 
the key variables to be 
considered for comparison 
between peers 
2010 data from the thirteen 
urban bus organizations in the 
International Bus Benchmarking 
Group (IBBG) 
• Key Performance Indicators (KPIs) 
need to be normalised to compare 
them across cities.  
• Often, one KPI only answers part of a 
question. Need multiple variables to 
compare and rank organisations 
Normalised 
KPIs 
(Min, 2013) Comparative efficiency of 
mass-transit systems in Ohio 
to ensure effective utilisation 
of Government subsidies 
24 mass transport agencies in 
Ohio 
• Urban mass transit agencies in high-
density areas perform better compared 
to those in the suburbs.  
• Efficient public transport systems are 
correlated with better economic 
performance of city.  
• Efficient transit agencies are 
recommended to support management 
of inefficient systems to help improve 
their performance 
DEA 
(Trompet et al., 2018) Performance data 
normalization to understand 
relative quality of bus transit 
agencies 
IBBG 13 cities data between 
2001-2015 
• Performance variables need to be 
normalised for effective comparision 
between peers.  
• The following five characteristics are 
suggested for normalisation:  
o Average trip length 
o Proportion of revenue vehicle-
km/ hours out of total vehicle-
km/ hours 
o Average planning capacity of 
buses 
o Average commercial speed 






 Factors impacting ridership 
loss in Indian city bus services 
using DEA for performance 
efficiency measurement and 
regression with external 
variables 
7 Indian city bus services 
between 2009-10 and 2015-16 
• Internal efficiencies remain relatively 
similar over the years 
• The efficiency values of systems 
showed significant correlation with 
external variables.  
o Supply efficiency negatively 
correlated with geographic spread 
of city.  
o Consumption efficiency 
positively correlated with trips 
between 5-10 km length 
o Revenue efficiency positively 
correlated with buses per million 









2.2.4 Summary of transit performance efficiency literature 
Formal public transport operators measure their performances using similar set of indicators, 
thereby making it feasible to compare their efficiencies with each other. Performance comparisons 
presented above were carried out between formal public transport systems i.e. total public transport 
service in cities, different bus operators within a city, comparison between bus operators of 
different cities.  DEA based performance efficiency analysis has been demonstrated as a successful 
tool for transit performance efficiency globally. The key input and output indicators to measure 
performance efficiency are also identified.  
However, none of the performance efficiency benchmarking articles compared efficiencies 
of formal and informal transit systems. The current thesis advances available literature by 
extending the performance benchmarking literature to compare public transport and paratransit 
system efficiencies. Developing a DEA based analysis to compare these service will require the 
input and output variables to be chosen carefully as the operational and institutional characteristics 
of paratransit mean that paratransit operators don’t maintain input and output indicator data  similar 
to that maintained by formal systems. Hence, input and output variables concerning their physical 
measures of operations are identified to be better suited for such analysis. Passenger capacity of 
each vehicle and daily mileage are two such input variables which together define the service 
offered by both public transport and paratransit. Similarly, ridership and revenue are identified as 
two output variables that can be used across formal transit and paratransit systems. These variables 
were identified to be best suited for performance efficiency comparison between city bus and 




2.3 Integrating paratransit into formal transit service planning  
2.3.1 Public transport planning process 
The transit-operation planning process is commonly divided into the following set of sub 
problems that can be solved sequentially at various stages of the planning process (strategic, 
tactical, and operational), and even during operations (real-time control) (Desaulniers and 
Hickman (2007), Gao et al., 2004, Guihaire and Hao, 2008, Ceder, 2016a): 
i) Strategic planning problems that concern long-term decisions such as the design of the 
transit routes and networks such that the service is maximised for the city 
ii) Tactical planning problems concern short to medium term decisions related to the services 
offered to the public like the frequency of service along the routes and the timetables. The 
solution to the route network design problem includes base frequencies of various route. 
Solutions to the tactical planning problems use these frequencies are adjusted to hourly 
variations in demand at the frequency setting stage  
iii) Operational planning problems relate to short to medium term decisions on how the 
operations should be conducted to offer the proposed service at a minimum cost. They 
include a wide variety of problems such as vehicle scheduling, driver scheduling, bus 
parking and dispatching in garages, and maintenance scheduling  
Each of these planning problems have been solved individually through various methods. Recent 
solutions to these problems combine a few of these stages to solve them iteratively. Figure 3 







Figure 3 Stages of Transit planning and venue for intermodal integration 
 
The operational planning procedure explained above is applicable for formal systems like 
bus and rail based public transport, where the entire planning and operations of the systems have 
traditionally been managed either by one or a few fleet operators working under a single 
organisation that plans for their services. Such systems follow a common planning and operations 
protocol, making it possible to integrate them at the strategic planning level i.e. during network 
design and frequency setting.  
There currently exists no integration between public transport and paratransit modes. In 
fact, the public and paratransit systems compete with each other for ridership, rather than 
complimenting each other’s services. An alternative approach where these services are integrated 
with each other can lead to the city rationalizing their services on various corridors, thereby 




operations of two systems which are optimized within their own system. They’ll need to be planned 
together so that the service is optimized for the city’s transport system (Ceder et al., 2013).  
2.3.2 Current approaches for formal public transport and paratransit integration 
This thesis intends to propose a methodology for integrating public transport and 
paratransit systems. Integration would involve the formal public transport mode to incorporate the 
presence of paratransit system and alter its service planning accordingly. The varying types of 
services provided by paratransit and their roles within the overall transport system in various 
developing countries across the globe were summarised by (Cervero, 2000) and (Cervero and 
Golub, 2007). Across countries, being privately managed and informal in nature has traditionally 
excluded them from the formal transit policy and planning processes. Many countries have 
unsuccessfully tried to eliminate these services from cities forcefully through regulation. Given 
the limited success in this approach, the need to integrate these services with formal public 
transport is now acknowledged globally (Phun and Yai, 2016, Cervero and Golub, 2007).  
A wide range of approaches have been tried towards integration of paratransit services. 
Many Latin American and African countries with strong Central Business Districts (CBDs) 
adopted a network planning approach that involved moving paratransit from being a direct service 
to a feeder system to formal transit modes (Ferro et al., 2012). In many cities, the existing minibus 
based paratransit services have been replaced by formal systems like Bus Rapid Transit (BRT) 
corridors along the trunk routes, while the paratransit is designated a feeder role (Ferro and 
Behrens, 2015). However, such a re-orientation of network resulted in inconvenience to both 
passengers and paratransit operators. While passengers faced increased number of transfers for the 
same origins and destinations, the reduced requirement of paratransit vehicles resulted in reduction 




of paratransit services even to the trunk routes designated for formal transit (Ferro and Behrens, 
2015, Ferro and Behrens, 2013).  
Paratransit services in Asian cities are typically provided by small vehicles with passenger 
capacity not exceeding six, that offer flexible services in routes and schedules that are demand 
responsive (Phun and Yai, 2016). Such services are either provided by individual operators along 
various high demand routes or a self-organised group of operators that provide services within a 
defined service zone. Even in the Asian cities, the development of mass transit systems has not 
resulted in reduction in paratransit services, due to the lack of physical and fare infrastructure 
between various services and the operators’ dependence on paratransit as a source of livelihood. 
This is highlighted by studies like Basuki Joewono and Kubota (2008) and (Yaakub and Napiah, 
2011) that analysed travel behaviour of paratransit users. 
Altering institutional and governance practices to integrate paratransit services have also 
been attempted. The operators of Matatus, the paratransit service in Kenya have formed self-
organised Savings and Credit Cooperatives (SACCOs) to improve their services. The SACCOs 
monitor and improve performance of their members through measures like operational and fare 
management, incentives to drivers like salaries and loans for improved access to finances and 
compliance with Government policies (Behrens et al., 2017, Thaimuta and Moronge, 2014). 
However, selective compliance of some operators to the organisation’s objectives has led to 
violations in route adherence, crew qualifications and working hours of drivers. This further led to 
the matatu operations being unpredictable and chaotic, while also eroding the trust between the 
Government and SACCOs. The case of paratransit systems in Nigeria that face similar challenges 
were presented by Shittu (2014), where a quasi-formal management approach to address the 




In summary the need to integrate paratransit services into the planning and governance 
practices, while acknowledging the socio-economic and mobility benefits offered by their 
operations is recognised by a majority of the literature on paratransit systems. However, a detailed 
understanding of the operational performance efficiency of both the modes and specific areas of 
improvement required for such integration have not been established previously. 
2.3.3 Approaches for feeder service and Demand Responsive Transit (DRT) design 
Majority of the literature on paratransit integration are the one’s solving the problem of 
providing shuttle services as feeders to main haul public transport systems. Ceder (2016b) defines 
shuttle services as those that provide reliable and synchronised service for efficient transfer to the 
main-haul transit system. Ceder (2009) developed a multi-criteria decision making method for 
designing feeder services to ease the main-haul public transport usage. An optimisation algorithm 
to maximise passenger demand was developed to evaluate alternative route strategies for shuttle 
services i.e. fixed Vs feeder services and was solved using both integer programming and heuristic 
methods with similar results. The problem was formulated for a test network and was later applied 
for Castro Valley’s blue line of BART (Bay Area Rapid Transit), California, USA. The article 
recommends designing shuttles as Demand Responsive Transit (DRT) services which alter as a 
function of demand.  
Ceder (2013) extended the routing strategies proposed by Ceder (2009) by proposing a 
methodology to examine alternative operational strategies and routing scenarios from both user 
and operator’s perspectives. A simulation model was developed to evaluate alternative routing 
strategies. Analysis for a test network and the real-world case of Castro Valley in California 
compared results between fixed route and flexible schedule shuttle services. Fixed route strategies 




have similar performance as DRT services. The article establishes the need to use Intelligent 
Transport System (ITS) to consider operational strategies during shuttle service design thereby 
improving its efficiency.  
Kim et al. (2009) proposed a methodology which can be used for both normal transit and 
shuttle service design. Their model was applied to optimise frequency and subsequently generate 
timetables for a demand and time responsive model that uses stop level microdata. The frequency 
optimisation was carried out with an objective function minimising the total of user and operator’s 
costs with constraints on subsidy, fleet size and minimum policy headway, using the real-world 
case of Seoul.  Kim and Schonfeld (2014) present an approach to integrate conventional and 
flexible bus services through times transfers through probabilistic optimisation models 
incorporating stochasticity in travel and wait times. The fleet sizes were optimised to minimise 
user and operator cost due to coordination in passenger transfers, common headways and their 
slack times. The solution was demonstrated for test networks and was solved using Genetic 
Algorithm. Dikas and Minis (2014) focus on ways to provide demand responsive services for 
another ‘paratransit’ category of users i.e. people with mobility challenges. The current Standard 
Paratransit Transport System (SPTS) assumes predefines bus stops and their prescribed sequence. 
This study developed a Genetic algorithm based optimisation wherein paratransit routes are altered 
based on level of disruption of the nominal routes, seat availability and ratio of time window for 
transfers to scheduled headway. While the approach for integration presented in the article is 
relevant, it is still focussed on integrating the routes and frequencies of demand responsive systems 




2.3.4 Summary of previous approaches towards paratransit integration with formal transit 
Majority of the articles on paratransit integration, feeder service design and Demand 
Responsive Transit (DRT) systems adopted an integrated route network design approach for these 
services to act as a feeder to the main haul public transport system. However, such a network 
design approach can’t be applied for the case of bus and paratransit systems due to the following 
reasons: 
i) Paratransit operates as an independent service by themselves and aren’t necessarily a feeder 
system to the formal public transport system.  
ii) Even though they don’t operate under a single fleet operator, the independently operated 
paratransit services also follow the same route network pattern 
iii) The solution of the transit network design problem allocates base frequencies for all the 
routes. Given the dynamic nature of paratransit operations, developing long-range route 
plans will negate their current demand responsive nature by being able to switch between 
routes. 
iv) In a city which has an existing public and paratransit system, it is highly likely that the 
strategic planning components i.e. the corridors of operation of the transit systems would 
have evolved over the years according to the travel demand patterns of their users (Mani 
et al., 2012a, Gadepalli, 2016) 
Therefore, the paratransit route network offers limited flexibility for change. Findings from  
(Del Mistro and Behrens, 2015) show that a trunk and feeder style planning of existing paratransit 
and formal public transport has seen limited success. In fact, even in case of formal public transport 
systems, literature shows that it is encouraged not to change the route network frequently to ensure 




Therefore, it is identified to be more appropriate to intervene at the tactical planning level of public 
transport planning i.e. frequency setting. Tactical planning is a short to medium term exercise 
which can be reviewed periodically every three months or one year. Such an approach will allow 
for paratransit to be designed as a parallel service to formal public transport. The periodicity in 
updation will also help in retaining the flexible nature of paratransit services. 
2.4 Solution methods for Transit Network Frequency Setting Problem (TNFSP)  
The remaining part of the literature review describes the methods used for solving the 
Transit Network Frequency Setting Problem (TNFSP) and their applicability for the current 
problem. TNFSP involves identifying the optimum frequency of each route of the public transport 
network such that the user requirements like minimising waiting time, total travel time, crowding 
etc. are balanced with the operator’s constraints like cost of operations, availability of fleet etc. 
Solutions for the TNFSP can broadly be classified into two categories:  
i) Single-level solutions where transit demand and frequency needs are modelled together 
ii) Bi-level solutions where transit demand assignment and frequency optimisation are 
carried out separately.  
The literature review for each of these solution methods is explained in this section. 
2.4.1 Single-level solutions for transit demand and frequency optimisation 
Initial solutions for the TNFSP developed by (Mohring, 1972, Newell, 1979) proposed the 
square-root rule i.e. route frequency to be proportional to the square root of the ratio of waiting 
cost to passengers and the operational cost of the transit system. Many subsequent solutions 
considered user and operator costs separately. Solutions by (Jansson, 1980, Schéele, 1980, Han 




minimising users’ cost as the key objective while deriving route frequencies. The variables to 
measure user cost varied across studies.  
Schéele 1980 developed a non-convex frequency optimisation model for bus routes in the 
city of Linkoping in Sweden. The Origin-Destination (OD) matrix for buses was assigned to the 
network using capacity constrained method to derive link-wise trave demand for which, heuristics 
techniques were used to derive the optimal frquencies to minimse users total travel time across the 
system. (Han and Wilson, 1982) developed an optimisation framework for bus fleet allocation for 
networks with multiple overlapping routes. Passenger assignment was carried out based on 
minimizing transfers and in-vehicle travel time while bus allocation to routes was based on 
maximum crowding criteria i.e. buses are allocated until load factor is acceptable, with constraints 
on maximum fleet availability. The methodology was later demonstrated for the case of Cairo.  
Constantin and Florian (1995) formulated the frequency design problem as a bi-level non-
convex optimization model, and solved the model by a projected gradient algorithm. The 
frequency was determined to minimize the total cost of travel for the passengers. Optimal strategy 
assignment model with fixed demand was used to determine passengers’ route choice behaviour. 
Martínez et al. (2014) developed a more advanced solution to use a Mixed Integer Linear Program 
(MILP) formulation for the frequency optimisation model proposed by (Constantin and Florian, 
1995). This was solved using an exact solution for smaller networks and using a meta-heuristic 
solution for large scale networks. Grosfeld-Nir and Bookbinder (1995) develop a methodology for 
frequency optimisation based on Crowding Over a Distance (COD) as opposed to minimising 
crowing on the peak load section and Probability of Failure (PoF) i.e. periodicity of people unable 
to catch the bus due to overcrowding. In summary, waiting time, total travel time and bus crowding 




availability, passenger costs and user subsidy to be provided. Most of these studies used non-linear 
modelling methods and derived approximate solutions for fictitious or small-scale test networks.  
While the above solutions approached the problem from the users’ perspective, Ceder 
(1984) proposed an alternative method which analyses the problem from the operators’ perspective 
by solving it to minimise the number of bus runs and fleet required while meeting the demand. 
Hadas and Shnaiderman (2012) also adopted the maximum load section method while adding an 
additional objective of minimising the empty seats. This study uses modern methods like 
Automatic Vehicle Location (AVL) and passenger count data to derive the optimal frequencies for 
various routes. Jara-Díaz et al. (2008) take the maximum load section approach forward by 
comparing frequency requirements for aggregate demand at the route level and disaggregate 
demands in terms of Origin-Destination (OD) pairs. The study identified that aggregated analysis 
of demand results in underestimation of frequency and over-estimation of vehicle size. It 
recommends smaller capacity and high frequency services for the case of Santiago, Chile to 
maximise wait time savings for users. Gallo et al. (2011) solved for frequency optimisation under 
elastic demand conditions that consider the impact of transit supply in the public transport modal 
share in multimodal networks. A multimodal assignment covering car and transit users was used 
to determine network loads under elastic demand conditions. Further a heuristics based solution 
approach was adopted to derive optimal frequencies. The solution approach was demonstrated for 
the case city of Salerno, Italy. 
Deriving frequency by considering both user and operators’ objectives have also been 
attempted. Furth and Wilson (1981) proposed a formulation which maximizes societal benefits 
which combines both users’ objective of waiting time savings and the operators’ objective of 




Mahmassani (2013) to optimise pattern headways i.e. a subset of the total stops within the route 
maximising riders’ wait time savings and minimising the cost of operations was developed. This 
solution was used by Verbas et al. (2015a) to estimate the demand elasticities on the Chicago 
transit network for temporal, spatial and spatio-temporal variations.  
The summary of the single-level frequency optimisation models explained above is 





Table 5 Summary of single-level transit assignment and frequency optimisation 
Article Objective function Approach Solution method Case 
(Mohring, 1972), 
(Newell, 1979, Jansson, 
1980) 
Minimise total user and operator 
costs 
square-root rule i.e. route frequency 
to be proportional to the square root 
of the ratio of waiting cost to 
passengers and the operational cost 




(Schéele, 1980) Minimise user travel time in the 
system 
Compound minimisation problem 
considering capacity constraints and 




(Furth and Wilson, 
1981) 
Maximise wait time savings and 
ridership  
Frequency designed as a constrained 
resource allocation problem with 





(Han and Wilson, 1982) Minimise passenger wait time and 
crowding levels subject to network 
capacity constraints 
Solves of frequency planning in 
systems with overlapping routes by 
decomposing pronlem into base 







Minimise buses required to meet 
service crietria 
Crowding Over Distance (COD) and 
Probablity Of Failure (POF) 
considered as service constraints 
instead of traditional metrics like 
maximum load section 
  DAN, Israel 
(Jara-Díaz et al., 2008) Minimise user cost (total travel 
time)+operator cost (fixed and 
variable) 
Aggregate level demand for route 
and disaggregated Origin-Destination 
(OD) pairs between stops 
Analytical Santiago, Chile 
(Gallo et al., 2011) Minimise user costs  Multimodal assignment with elastic 
demand considering impact of transit 






Minimise cost of operation 
including i) empty seats driven, ii) 
overload and unserved demand 








(Codina et al., 2012) Cost of operations plus cost of total 
time spent by users in the system 







Two objectives are considered i) 
Maximise ridership and wait time 
savings  ii) Minimise net cost of 
operation with constraints on 
budget, fleet and policy headway 








(Martínez et al., 2014) Minimise total travel time for users Links assumed to have sufficient 





(Verbas et al., 2015b) Impact of frequency optimisation 
on stop level demand elasticities 
Frequency optimisation solved for 

















2.4.2 Bi-level solutions with separate assignment and frequency optimisation models 
Many of the above mentioned solutions consider Origin-Destination (OD) demand patterns 
in the city and the network flows to be constant. However, in real world conditions, the OD and 
traffic flow patterns change in response to the changes in supply. This variable nature of passenger 
demand on the transit network is captured by bi-level solution methods. These methods carry out 
user assignment on to the transit network and the operators’ frequency planning problems 
separately and solve the overall problem iteratively. The lower level of the solution typically 
contains transit assignment to the network while the upper level optimises frequencies to meet 
these demands. Compared with single-level programming, the bi-level programming has 
incomparable superiority, in the following ways:  
i) It can simultaneously analyse two independent and conflicting objectives;  
ii) The multi-value decision method of bi-level programming is more practical; 
iii) It can explicitly indicate the interaction between the supply side and the demand side 
Hence majority of recent literature on frequency optimisation uses this bi-level approach. 
Gao et al. (2004) presented a bi-level approach with a deterministic user equilibrium based transit 
assignment in the lower-level and a frequency optimisation model in the upper level. The 
frequency optimisation was solved with the objective of minimising the total passenger cost and 
fleet operations cost subject to constraints like minimum frequency to be maintained on each route 
and the maximum fleet available. A heuristic solution was developed for a test network and its 
sensitivity analysis was presented using sample data. Zhou et al. (2005) used a game-theory based 
approach to model frequency optimisation between competing operators. The lower-level solution 
was modelled as a stochastic user equilibrium model with elastic demand while the frequency was 




Nash game. A stackelberg form heuristic solution was developed for a test network which 
demonstrated that transit operators can achieve competitive advantages by improving their service 
quality, thereby being more beneficial to passengers. The operators with service on the same path 
can cooperate to compete with those on alternative paths so as to attract more passengers and hence 
greater revenue. 
The bi-level frequency optimisation approach by Yu et al. (2007) adopted optimal 
strategies based transit assignment in the lower level to model route choices of passengers. Optimal 
strategies assignment, developed by Spiess and Florian (1989), models route choice in an 
uncongested transit environment. Hence, the impact of congestion is modelled in the upper level 
of the model where congestion is assumed to be induced by the frequency of the service. The 
frequency optimisation was solved using Shuffled Complex Evolution (SCE) method of heuristics 
to minimise total cost of operations and users total travel time, with fleet size constraints to reflect 
congestion.  The solution was tested for the case of Dalian bus company in China where travel 
demand patterns were estimated through on-board surveys. Yu et al. (2010) extended this 
methodology by developing a genetic algorithm based solution for the same model framework and 
data-sets. Yoo et al. (2010) adopted a capacity-constrained stochastic user equilibrium assignment 
with variable demand, considering transfer delays between transit lines in the lower level. The 
frequency optimisation in the upper level was solved using a non-linear optimisation model using 
gradient projection method to maximise network demand while considering fleet-size and 
frequency constraints. An application of the proposed model and algorithm is presented using a 
small test network.  
Dell’Olio et al. (2012) developed a combined bus-size and frequency optimisation solution 




the user equilibrium model with constraints on vehicle capacity that balances vehicle size and 
frequency. A mathematical optimisation approach was adopted for frequency optimisation with 
the objective of minimising societal cost i.e. the combination of users travel cost and operators 
fixed and operational costs. User costs covered costs of in-vehicle time, wait-time, access time and 
transfer delays of public transport users. Operators’ costs included operational cost per km, hourly 
cost of standing still with engine running, personnel costs and fixed costs. The optimisation was 
carried out using Hooke-Zeeves algorithm solution has been applied for the case of Santander city 
in Spain.  
Codina et al. (2012) and Huang et al. (2013) developed frequency optimisation solutions 
that consider the variability in the network. Codina et al. (2012) modelled frequency requirements 
for occasional high demand situations like celebration of massive events. The model considers 
delays experienced by buses as a consequence of the get in/out of the passengers, queueing at 
stations and the delays that passengers experience waiting at the stations. The method of successive 
averages was applied for the case of a congested strategy based user equilibrium passenger 
assignment with strict capacities on the bus lines. The frequency optimisation was carried to 
minimise the total travel time and operational costs. Huang et al. (2013) proposed a bi-level model 
to optimise bus frequencies in case of uncertain passenger demand. The objective function includes 
i) transit network cost consisting of passengers’ expected travel time and operating costs and ii) 
the transit network robustness performance, indicated by the variance in travel time. An optimal 
strategies based transit assignment was carried out in the lower-level of the model taking 
Liupanshui city in China as a case and was solved using genetic algorithm. 
Hadas and Shnaiderman (2012) present a bi-level frequency optimisation model that uses 




Collection (AFC) systems which provide accurate data of fluctuations in service supply and 
demand. The transit assignment was carried out for both deterministic and stochastic demand 
scenarios. The optimisation minimises total cost of operation including operators cost measured 
as empty seat-km driven and users cost measured as overloaded and un-served demand. The study 
also carried out sensitivity analysis of the costs from the operator and city authority points of view. 
From the operators’ point of view, it is desirable to utilise available fleet efficiently while from the 
authority point of view, providing adequate level of frequency is the key concern. 
Verbas and Mahmassani (2015) adopted a service pattern approach to solve the bi-level 
TNFSP problem. The approach derives headways within 30 min intervals for each service pattern 
i.e. a subset of stops within a route. Such an approach helps in designing the system for high 
demand segments or corridors within the overall route network, instead of designing the entire 
route frequency for the single maximum demand segment. The transit assignment in the lower 
level is carried out using the multi-modal time-dependent user equilibrium for travel time 
hyperpaths.  The optimisation algorithm for frequency setting in the upper level maximises wait 
time savings for users subject to fleet, vehicle loading, budget and policy headway constraints. The 
optimal frequencies were derived through two methods: a stand-alone method that solves the two 
levels sequentially and an integrated method that solves both levels iteratively until the additional 
waiting time savings become negligible. The results from the stand alone and integrated solution 
methods were comparable, leading further to the conclusion that a stand-alone solution is useful 
for short to medium term decisions while an integrated solution can be used for medium to long-
term strategic decisions. Summary of the bi-level TNFSP solutions explained above are 





Table 6 Summary of literature on bi-level transit assignment and frequency optimisation 
Authors Solution Method Upper level frequency optimisation model 
Lower level 





Minimising users’ cost subject to 
constraints on waiting time, total 
travel time and bus crowding 
Optimal strategies Stockholm, 
Winnipeg and 
Portland 
 (Gao et al., 2004) Heuristic solution Minimise passenger travel time and 
fleet operation costs while meeting 
minimum frequency constraints 
Deterministic user equilibrium 
assignment 
Test network 
(Zhou et al., 2005) Heuristic solution (using a 
Stackelberg form 
problem) 
Maximise profit of operator by 
changing fares. Operators considered 
as non-co-operative players in a Nash 
game 
Stochastic user equilibrium with 
elastic OD matrix 
Test network 
(Yu et al., 2007) Heuristics (Shuffled 
Complex Evolution (SCE) 
method) 
Minimise total cost of operators and 
users wait time + in-vehicle time 
Optimal strategies Dalian Bus 
Company, China 
(Yu et al., 2010) Genetic Algorithm Minimise total travel time of 
passengers Subject to fleet size 
constraint 
Optimal strategies Dalian Bus 
Company, China 
(Yoo et al., 2010) Non-linear optimization 
model using gradient 
projection method 
Maximize demand while considering 
fleet size and frequency constraints 
Capacity-constrained stochastic 
user equilibrium assignment 
variable demand, considering 
transfer delays between transit 
lines 
Test network 





solved by iterative 
balancing method 
Minimise social cost i.e. total of user 
and operator costs: 
i) Users total cost includes fare, 
in-vehicle travel time, wait, 
access and transfer times 
ii) Operators’ costs includes 
operational cost per km, 
hourly cost of standing still 
PT equilibrium assignment 
using ESTRAUS public 
transport and traffic simulator 
model, considering transfer 





with engine running, 
personnel costs and fixed 
costs 
Subject to technological constraints 
and demand satisfaction 
 (Huang et al., 2013) Genetic algorithm Minimise users travel time and 
operators cost including the 
following two terms:  
i) Transit network cost, 
consisting of the passengers’ 
expected travel time and 
operating costs 
ii) Transit network robustness 
performance, indicated by 
the variance in passenger 
travel time 






platform for stand-alone 
bi-level solution, 
Heuristics for integrated 
bi-level solution 
Maximise wait time savings for users 
subject to fleet, vehicle loading, 
budget and policy headway 
constraints 
Multi-modal time-dependent 










2.4.3 Approaches for transit assignment 
In addition to the frequency optimisation literature presented above, transit assignment has 
been handed separately as well and the key findings from the literature are summarised here. 
Friedrich and Wekech (2004) present alternative approaches to model transit assignment and 
algorithms to solve them. Line-based or frequency based assignments and schedule-based 
assignments. Frequency based assignments assumes uniform flow of  vehicles and passengers 
thereby considering average headways, wait-times and transfer times for assignment. Schedule-
based assignment considers the timetable of each transit line with its exact departure and arrival 
times. Frequency based assignments were observed to be more suited for urban settings with 
continuous transit supply while schedule based assignments are more suited for rural and inter-
city settings with intermittent frequency distribution. A schedule based assignment was also 
observed to have longer computational time and it doesn’t always find shortest paths for 
assignment. The article also identified branch and bound search as a better alternative to shortest 
path search of assignment. 
Within these two models of transit assignment, various approaches of route choice 
allocation were presented in literature. Majority of the literature on frequency optimisation used 
optimal strategies technique for transit assignment, as presented in Spiess and Florian (1989). This 
method only identifies passenger’s route choice in uncongested networks. Subsequent transit 
assignment used alternatives like capacity constraint, user equilibrium and stochastic-user 
equilibrium models for assignment. Further refinements of these approaches were presented in the 
literature to capture passengers’ travel behaviour in a more granular detail.  
Cepeda et al. (2006) presented a new frequency based transit assignment approach that 




(MSA) based heuristic algorithm was developed to derive equilibrium link flows and was 
demonstrated for the case of Stockholm city. Hamdouch and Lawphongpanich (2008) presents the 
application of MSA based transit assignment in capacity constrained networks using user 
equilibrium method.  
2.4.4 Summary of literature on TNFSP 
Initial solutions for TNFSP used single level models for transit assignment and frequency 
optimisation. Recent literature points to bi-level frequency optimisation as the preferred approach, 
with transit assignment solved in the lower level of the problem while frequency optimisation is 
carried out in the upper level. The stand-alone bi-level method presented by Verbas and 
Mahmassani (2015) which produced robust results for the short to medium term solutions is 
identified to be the best approach to solve for integrated TNFSP for bus and paratransit systems. 
Such an approach will account for the operators updating their frequencies in response to the 
varying travel demand patterns, which is an integral feature of paratransit systems.  
The two key approaches for transit assignment are-schedule based assignment and 
frequency/ headway based assignment. Since paratransit doesn’t adhere to a fixed schedule, a 
frequency or headway based assignment was identified to be more appropriate for the current 
thesis. The transit assignment problem was initially solved using optimal strategies method, which 
doesn’t consider congestion of vehicles while assigning route choices of users. Given the known 
elasticity of demand due to congestion, more recent approaches have used variations of capacity 
constraint method for single mode assignments and user equilibrium method for multi-modal 
transit assignment. A headway based transit assignment using user equilibrium method was 
identified as the most suited option for the current case of multi-modal network with bus and 




 The upper level frequency optimisation solutions of these models typically have objective 
functions maximising societal benefits by minimising cost of operators and travel time of users 
and maximising transit usage. Travel times are measured as a combination of wait times, travel 
times and transfer times. Some formulations adopted maximising societal benefits or minimising 
social costs using variables like waiting time savings, operator profit and transit ridership as their 
objective function. In the current urban mobility context, societal costs and benefits extend beyond 
transport variables and have to comprise of the overall congestion, Green House Gas (GHG) 
emissions and air-quality implications. Therefore, the societal impacts of alternative public 
transport scenarios are proposed to be analysed separately. 
 The solution methods for TNFSP typically adopt mathematical optimisation, heuristics or 
meta-heuristics. Majority of the mathematical optimisation solutions in literature were for test 
networks or for small networks, while many large-scale real-world applications were solved using 
heuristics or metaheuristic methods like Genetic Algorithm (GA), simulated annealing or Tabu 
search methods. Given the stand-alone nature of the bi-level problem adopted for this study and 
the availability of advanced commercial solvers for optimisation, we adopted a mathematical 
optimisation approach to solve for integrated bus and paratransit TNFSP.    
2.5 Summary of literature review and gaps identified 
The chapter presents a comprehensive literature review on planning of formal public transport 
and informal paratransit systems. The available literature on users’ and operators’ characteristics 
on paratransit services and their relative features compared to formal systems is limited. Majority 
of the literature on user characteristics focusses on choice behaviour of formal public transport 
users as compared to private vehicle users but not paratransit systems. Similarly, the operators’ 




as a function of internal and external variables with limited focus on paratransit services. Majority 
of the available literature on paratransit systems focuses on the operators’ livelihood issues and 
their Governance frameworks, with limited attention to their operations planning issues.  
The limited literature available on formal public transport and paratransit systems primarily 
recommends a trunk and feeder style system where paratransit acts as the feeder to the formal 
public transport systems providing trunk services. However, implementation of such systems 
found limited success due the inconvenience it causes both to the users and operators. While users 
are inconvenienced since they have to make more transfers, paratransit operators don’t operate for 
long in such systems as they will have to operate only on feeder routes which typically offer limited 
demand and revenue making potential. Therefore, it is important to integrate paratransit planning 
into the overall public transport planning framework and recognise it as an independent but 
complementary service rather than as a feeder service to formal public transport. 




3 Methodology for integrated planning of bus and paratransit services 
The aim of this thesis is to develop a transit planning and optimisation framework that 
integrates bus and paratransit services and apply it for the case of one Indian city. As explained in 
section 2.3.4, majority of the literature focusses on designing paratransit as a feeder to the formal 
bus services using a route network design approach. However, this approach witnessed limited 
success due to the inconvenience it caused for both users and operators i.e. users had to make more 
transfers in a trunk and feeder system while operators had to shift to low-demand routes (Ferro et 
al., 2012, Del Mistro and Behrens, 2015).  
The current thesis recognises paratransit as a shared mode of transport, operating as an 
independent system with its own route network where operators switch between routes in a 
demand responsive manner. An integrated planning framework that ensures that the two modes 
complement each other is developed where the formal transit system provides fixed route fixed 
schedule services while paratransit provides high frequency services during peak hour, thereby 
reducing the additional peak-hour demand on the formal public transport systems. Such an 
arrangement would reduce the incremental bus service needs during the peak hour, allowing for a 
more balanced resource allocation of bus services throughout the day. Hence, we designed the bus 
and paratransit integration as a tactical planning problem and solved for an integrated frequency 
optimisation of buses and paratransit services to test its impacts. Solving the frequency setting 
problem requires modelling users’ travel demand patterns, operational characteristics of existing 
services and optimizing their service frequency according to travel demand. 
The methodology adopted to solve each of the stages are summarised in Figure 4. The detailed 
methodology adopted for each of the components and the novel elements of the thesis compared 




the thesis. Section 3.1 explains the methodology for objective I i.e. comparative user characteristics 
analysis of bus and paratransit users, while section 3.2 covers objective II i.e. to compare their 
relative operational characteristics. Sections 3.3 covers the methodology adopted for integrated 
frequency optimisation and its impact on the society i.e. objectives III. Section 3.4 demonstrates 
the proposed solution through an illustrative network example. Section 3.5 explains the alternative 
demand and supply scenarios tested to inform decision making on the mix of public transport 
services in the city i.e. objective IV of the thesis.  
3.1 Establishing user’s travel demand characteristics 
A detailed analysis of bus and paratransit users will help understand which of their 
characteristics are similar and which of them vary thereby providing inputs to their relative mode 
choice preferences which can further be used to design the supply of the two systems to meet their 
demand optimally. Hence the current thesis analyses bus and paratransit user characteristics in 
detail. Establishing travel demand characteristics of formal transit and paratransit users requires a 
comprehensive analysis of their users socio-economic and travel characteristics. The literature 
review has shown that such an exercise has not been done previously in cities of emerging 
economies. The current thesis addresses this gap in literature by taking the case of Visakhapatnam, 
a medium sized Indian city. The data collection and analysis methods adopted for the study are 
explained in the following sections. 
3.1.1 Data collection methodology 
A household survey based data collection and analysis was adopted as the best 
methodology to establish the travel characteristics and mode choice behaviour of both formal and 




method to collect the activity and travel diary data of public transport and paratransit users across 
modes. A stratified sampling strategy was adopted to capture the heterogeneity in socio-economic 
and travel characteristics of users across various households in the city. The property tax database 
of the city was used as the input to identify the likely income category of the household i.e. 
households paying higher property tax stay in larger houses and were therefore assumed to be from 
a higher income level. The sample size for the surveys was determined for each municipal word 









The specific approach to determine the sample size in various wards of Visakhapatnam, 
the case city, is explained in section 4.2 of the thesis. The questionnaire used for the survey is 
summarised is Table 7. It captures general information pertaining to the entire household and the 
information specific to each individual in the household. The general information about the 
households included information regarding their income, number of members and vehicles owned, 
which was used to classify them into various socio-economic groups. Individual specific 
information of the questionnaire captured information related to each individual’s age, gender, 
education, occupation and income along with their detailed travel behaviour. The detailed travel 
behaviour of individuals included their activity patterns and trip chain data from the day before 
the survey. Such a methodology was identified by  Stopher and Greaves (2007) as the best chance 
of capturing users travel behaviour patterns at the city level. 
Table 7 Questionnaire for household surveys  
















Name of public transport stop at origin 




Distance to access public transport stop 
Distance of egress public transport stop 
Access travel time 
Egress travel time 
Average waiting time for public transport (or paratransit) 
Total travel time 
Total travel cost 
Reason for using the mode used 
 
3.1.2 Household survey data analysis 
The household data was analysed using the methodology presented by Khattak and De 
Palma (1997) and Le-Klähn et al. (2014) to establish the detailed profile of formal public transport 
i.e. city bus services and paratransit i.e. shared auto-rickshaw users. The user characteristics of 
both modes of shared transport were compared across each of the socio-economic and travel 
variables. Statistical tests were carried out to measure the variance between the bus and paratransit 
user groups for each of the variables. Within the socio-economic characteristics χ2 test was used 
for categorical variables like gender, occupation, income range and vehicle ownership, while the 
t-test was used for age, which is a continuous variable. All the travel characteristics i.e. travel time, 
trip length etc. are continuous variables for which t-test was used to measure variance between bus 
and paratransit users. Further, a logistic-regression analysis with mode choice as the dependant 
variable and user characteristics as independent variables was carried out to identify the key 
variables impacting user choice between public transport and paratransit systems.  
Such detailed profiling of users of both the modes and their choice behaviour between the 




behaviour in an integrated manner. This will in turn support them in planning the services to serve 
the user needs better, thereby maximising transit ridership. 
3.2 Operator characteristics and efficiency comparision between bus and paratransit 
services 
Available literature on the comparative operational characteristics and performance 
efficiency of public and paratransit agencies is limited. However, performance efficiency of formal 
public transport systems has been carried out previously. Performance efficiency measurement of 
public transport systems is typically carried out through a combination of multiple input and output 
variables. Input variables typically include physical and financial resources required to operate the 
system including hours of operation, number of depots, number of vehicles and employees, capital 
and operational expenditure on the system. Output variables typically include variables measuring 
the service supply and its usage i.e. capacity offered by the system, duration of service and the 
financial performance of the system i.e. the revenue generated (Daraio et al., 2016, Jarboui et al., 
2012). These variables are combined through non-parametric methods like Data Envelopment 
Analysis (DEA) and Stochastic Frontier Analysis (SFA) to generate a ratio of outputs to inputs of 
each transit system or operator for comparative efficiency measurement. The current thesis extends 
the DEA analysis, previously applied for formal transit systems, to compare the efficiency of city 
bus and paratransit systems. Many of the input and output indicators available for formal transit 
systems are not available for paratransit services, given the lack of a single agency monitoring the 
operational performance of all paratransit operators. Therefore, primary surveys to collect the 
operational performance data of paratransit systems has been conducted in the case city. Key input 
variables like daily mileage, vehicle capacity and output variables like revenue and ridership were 




sources. Further, the input-output analysis for the formal public transport systems is carried out in 
a greater detail through regression analysis. 
3.2.1 Comparision of efficiency of bus and paratransit systems 
The operational efficiency of the two systems was analysed using Data Envelopment 
Analysis (DEA), a non-parametric mathematical programming technique to measure the 
productivity of a firm or entity. Each firm or entity is defined as a Decision Making Unit (DMU). 
DEA quantifies the relative efficiency of DMUs as a ratio of the combination of its outputs and 
inputs (Equations 1-4) (Coelli, 1996, Saxena and Saxena, 2010, Sampaio et al., 2008, Daraio et 
al., 2016). DEA defines the most efficient DMU to have an efficiency score of 1 and measures the 
relative efficiency of the remaining DMUs in reference that. Therefore, it is formulated as an 
optimisation problem where individual DMUs are maximising their efficiency to reach the most 
efficient DMU.  
Equation 1 provides the objective function to maximize efficiency h of target DMU j0. The 
ratio of outputs to inputs was used as a measure of efficiency where a total of n DMUs operate 
with m inputs and s outputs; yrj is the amount of rth output from entity j, and xij is the amount of ith 
input from the same entity j. The decision variables u = (u1, u2, …, ur, …,us) and v = (v1, v2, …, vr, 
…, vm) are weights given to the s outputs and m inputs respectively. These variables are derived 
through the iterative optimisation exercise. Thus, the objective equation is iterated n times to 
calculate the relative efficiencies of one entity at a time. The constraints provide the upper bounds 
of efficiency of individual entities and lower bounds of weights assigned to inputs and outputs. 
Equation 2 constrains the efficiency of any entity i.e. its ratio of outputs to inputs isn’t greater than 
one. In other words, the most efficient entity has an efficiency of 1 and the rest are measured 




problem where individual DMUs are looking to maximise their efficiency to reach the most 
efficient DMU. The constraints provide upper bound for efficiency i.e. 1 and lower bound for the 
weights i.e. 0 to ensure non-negative efficiencies for all DMUs. Equations 3 and 4 present the 
constraints on weights of outputs and inputs respectively such that they are positive. This is ensured 
by constraining outputs weights (Equation 3) and input weights (Equation 4) to be greater than ε
, an infinitesimally small positive value. 
 
Input variables for DEA in public transport typically include physical and financial resources 
required to operate the system while output variables typically include variables measuring the 
service supply and its usage (Daraio et al., 2016, Jarboui et al., 2012). For the current research, 
vehicle capacity and daily mileage of the vehicle are considered as input variables while the daily 





































































3.2.2 Detailed analysis of bus operations 
In addition to the comparative performance efficiency analysis, the performance of the 
formal bus system of the city is analysed in a greater detail to understand the key gaps in their 
operations and planning practices. Based on the analysis, the key indicators that contribute to 
developing an integrated public transport system are identified. The findings can provide valuable 
feedback to similar cities in India and also cities from other developing countries looking to 
integrate informal public transport services into the mainstream transit planning and policy 
processes.  
3.3 Integrating bus and paratransit services: Bi-level approach for transit assignment and 
frequency optimisation 
It was explained in literature review (section 2.3) and in the introduction of the current 
chapter that earlier approaches of integrating paratransit services as a feeder to formal public 
transport services have seen limited success. The current thesis identifies paratransit as an 
independent mode of shared transport offering services in parallel to the formal transit systems.  
Hence the integration of these two services is formulated as a Transit Network Frequency Setting 
Problem (TNFSP). Frequency setting is part of the tactical planning stage of public transport 
planning which is intended for short to medium range decision making on public transport services. 
The base route networks and travel demand are used to identify the optimal frequencies required 
to meet travel demands on various routes. It is acknowledged here that the paratransit services 
don’t operate with fixed frequencies as in the case of bus services. However, estimating the 




required and when aggregated at the city level, this can provide policy inputs on the number of 
licenses to be issued for paratransit operations in the city. 
3.3.1 Rationale and formulation of the bi-level solution  
As explained in section 2.4, solutions for TNFSP involve transit assignment to model the 
user’s route choices in a multimodal network and frequency optimisation to meet the travel 
demand. Solutions for such a problem typically adopt either a single level formulation where 
transit assignment and frequency optimisation are solved together or a bi-level formulation which 
models transit assignment in the lower level and route wise frequency optimisation in the upper 
level. The bi-level formulation was identified as the better alternative for the current problem due 
to the following reasons: 
i) Transit assignment solves for the user’s route choice demands while frequency 
optimisation solves for the operators supply needs. These are often independent but 
conflicting objectives and hence a bi-level formulation allows for these two problems 
to be solved separately  
ii) A bi-level formulation also allows to demonstrate the interaction between demand and 
supply explicitly by modelling the change in users’ route choices as a function of 
frequency changes and vice-versa  
Therefore, a bi-level optimisation approach with multi-modal transit assignment in the 
lower level and integrated frequency optimisation in the upper level was adopted for the current 
thesis.  
The solution presented by Verbas and Mahmassani (2015) for a real-world case of 
integrated transit network frequency setting problem (TNFSP) using a bi-level formulation comes 




time savings of users for 30 min intervals considering service patterns i.e. a subset of stops with 
the highest demand within a route subject to fleet, vehicle loading, budget and policy headway 
constraints. The transit assignment in the lower level is carried out using the multi-modal time-
dependent user equilibrium for travel time hyperpaths. Therefore, both the levels of the solution 
were solved from the users’ perspective. The paper compares two solution methods: a stand-alone 
method where the two levels are solved one after the other and an integrated method that solves 
both levels iteratively until the problem converges. It was observed that the results between the 
two approaches were comparable and that the stand-alone approach is more suited for short to 
medium range decisions while the integrated approach was more suitable for long-range decisions.  
The current thesis adopted the stand-alone bi-level modelling approach proposed by Verbas 
and Mahmassani (2015) given our short to medium range focus. However, the formulations for 
transit assignment and frequency optimisation were altered to reflect the needs of the current 
problem. While Verbas and Mahmassani (2015) solve both the levels of problem from the user’s 
perspective we solve the transit assignment problem in the lower level from the users perspective 
and the frequency optimisation problem in the upper level from the operators’ perspective. 
Additionally, we carried out the transit assignment for the peak hour of the day for the entire route 
network with the objective of minimising users’ travel time through the user-equilibrium method 
compared to the 30 min intervals and for service patterns i.e. only a group of stops. This is to 
understand the route-wise maximum demand. The frequency optimisation problem in the upper 
level was solved using the maximum load section method proposed by Ceder (1984) and Hadas 
and Shnaiderman (2012) as against the wait-time minimisation approach adopted by Verbas and 




on the maximum load section. Minimising cost of operations was selected as the objective function 
with fleet availability, meeting demand on various links and policy headways as the constraints.  
Further, the output from the optimisation exercise were used to quantify the impact of the 
optimised public transport system on the society. Congestion and air pollution are two key impacts 
of the public transport system on the city (Sen et al., 2010). Therefore, the road space requirement 
and emissions caused by various mixes of public and paratransit systems have been quantified to 
measure the impact of alternative mixes of public transport services on the city. Various alternative 
scenarios of the user demand and transit supply were tested to assess their impacts of alternative 
mixes of public transport and paratransit supply on the society.  
Figure 5 presents a summary of the proposed solution framework for the current thesis. 
The inputs and outputs of both the levels are indicated in the figure. The model in each level starts 
from the input data point and ends with the outputs generated in each stage.  
The integrated transit assignment in the lower level and frequency optimisation in the upper 
level together cover objective iii of the thesis listed in section 1.4.1 i.e. developing a multimodal 
framework for frequency optimisation while incorporating travel demand needs of users. The 
analysis of alternative demand and supply scenarios explained in section 3.5 estimate road space 
requirements and emission implications of each scenario thereby covering objective iv i.e. to 
quantify impacts of alternative public transport development scenarios and to recommend a way 
forward. In summary, the bi-level optimisation combined with the public transport scenario 





Figure 5 Bi-level model developed for transit assignment and frequency optimisation  
3.3.2 Solution methodology for user equilibrium based transit assignment 
The transit assignment problem was solved based on the methodology proposed by 
(Ortuzar and Willumsen, 2014) using the traditional four-stage travel demand modelling 
technique. The travel demand data for the model was derived from the household survey based 
travel behaviour analysis explained in section 3.1. The city level mode shares were used to derive 
baseline bus and paratransit demand within the overall travel demand. The current study focuses 
on relative preferences of bus and paratransit services. Therefore, binary logit based mode choice 
models were developed to estimate mode shift scenarios between these two modes (iTrans, 2014a).  
We carried out an integrated bus and paratransit assignment in TransCAD-the travel 
demand modelling software. In TransCAD-the conventional private vehicle assignment uses 
standard link speeds for all vehicle types, while public transport assignment differentiates the links 
into access links, public transport links and stops. However, paratransit services don’t follow fixed 




traditional TransCAD public transport assignment process has been adapted for the current context 
where we coded the network characteristics of both bus and paratransit services. 
Since bus and paratransit have different network coverage, the access links and service 
links have been adequately coded into the network attributes for both the modes. The links speeds 
and capacities have been updated accordingly. These attributes were used for transit assignment 
thereby ensuring that it isn’t the same as private vehicle assignment. Such an integrated bus and 
paratransit assignment in a traditional travel demand modelling environment is one of the 
contributions of this thesis to current literature.  
The public transport network comprising of bus and paratransit services was additionally 
coded into the overall city road network. Since bus and paratransit have different network 
coverage, the access links and service links have been adequately coded into the network attributes 
for both the modes. Network attributes like link speed, passenger capacity etc. were calculated 
accordingly to ensure that the transit assignment doesn’t use the link level speeds used for private 
transport assignment.  
Figure 6 presents an overview of the methodology adopted for the current study. 
TransCAD 6.0, a commercial software package for Geographic Information Systems (GIS) based 
travel demand forecasting was used to carry out a multi-modal user equilibrium traffic assignment 
of bus and paratransit trips on to the road network. Table 8 summarises the data sources for various 
input parameters required for the TransCAD model. The step by step procedure followed to carry 






Figure 6 Flow chart for developing the travel demand model of Visakhapatnam 
Table 8 Modelling components and input sources 
Model component Input data source 
Traffic Analysis Zone (TAZ) map Derived from the municipal ward map of Visakhapatnam 
Road network Derived from property tax data,  
Secondary data collected for road inventory, link speeds 
and road widths  
Trip production patterns Household interview data 
Trip attraction patterns Land-use data from master plan and  
Building wise usage type from property tax database 
Trip distribution Trip length distribution patterns for each mode derived from 




Base mode shares Bus and paratransit shares derived from household survey data 
Traffic assignment Traffic volume counts used for network calibration 
 
Transit network representation 
As explained in the literature review (section 2.4.3) a frequency based assignment was 
identifies to be more appropriate for an integrated bus and paratransit assignment, as paratransit 
doesn’t adhere to a fixed schedule. The network representation for such an assignment is typically 
done in the form of transit stops and links (Fu et al., 2012, Verbas and Mahmassani, 2013). In case 
of the current study, the bus network has clearly defined bus stops, but the paratransit services 
pick-up and drop-off passengers anywhere on their routes according to passenger preference and 
not at predefined stops. It is therefore inaccurate to define a finite set of stops for the paratransit 
trip assignment. While individual paratransit vehicles do not even adhere to a fixed route, it was 
observed that the overall network of paratransit services are offered broadly on a few high demand 
routes of the city (iTrans, 2014a). Therefore, the paratransit services are also represented as routes 
for the purpose of frequency operations.  
Therefore, we used the approach presented in Grosfeld-Nir and Bookbinder (1995) where 
the public transport network was defined as a set of segments having the same demand. The links 
along the existing road network of the city having access to bus and paratransit services are defined 
as transit segments while the rest are defined as access and egress links. The links speeds and travel 
times are defined accordingly and used for assignment. The drawback of such an approach is that 
the waiting time of users at the stops cannot be derived explicitly from transit assignment. 




similar to their real travel time collected from the personal interview surveys. The wait time 
proportions collected through the personal surveys were built into the transit network assignment. 
The output of the assignment i.e. the link-wise equilibrium flows of both the modes were 
used as the input for the upper-level model solving for optimal frequencies of various bus and 
paratransit routes. The link-wise flows were initially split equally among all the bus and paratransit 
routes on the link and were later re-distributed based on the frequency optimisation formulation. 
3.3.3 Integer Linear Programming (ILP) formulation for frequency optimisation 
The upper level of the bi-level problem i.e. the Transit Network Frequency Setting Problem 
(TNFSP) was formulated in such a way that it can solve for the frequencies of multiple public 
transport modes plying on the network simultaneously. An integer programming (IP) formulation 
with the objective of minimising the total cost of public transport operations was adopted. Optimal 
frequencies were derived for the peak hour of the day, similar to the transit assignment, to derive 
the maximum fleet demand for the city’s public transport demand. Meeting the demand on the 
maximum load section, fleet size and policy headways on each route are considered as the 
constraints. Equation 5 through equation 14 present the formulation of the frequency optimisation 
problem for a public transport network with i links and j routes.  
 
ILP Problem Formulation: 
• Minimise Total Operational Cost= (Cost/km) x (Route Length)x(Route Frequency) 
                     Z   = ∑ 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒋𝒋 (𝑳𝑳𝒋𝒋𝒊𝒊∈𝑷𝑷𝒋𝒋∈𝑲𝑲 )(𝒇𝒇𝒋𝒋)                                             5 
Subject to: 




          If 𝑹𝑹𝒊𝒊𝒋𝒋 = 𝟎𝟎,𝒇𝒇𝒊𝒊𝒋𝒋 = 𝟎𝟎                                               ∀𝒊𝒊 ∈ 𝑷𝑷, 𝒋𝒋 ∈ 𝑲𝑲                         7 
𝒇𝒇𝒋𝒋  ≥ 𝒇𝒇𝒊𝒊𝒋𝒋                                                                 ∀𝒊𝒊 ∈ 𝑷𝑷,𝒋𝒋 ∈ 𝑲𝑲                8 














≤ 𝑵𝑵                                         ∀ 𝒋𝒋 ∉ 𝑩𝑩𝑹𝑹 , 𝒋𝒋 ∈ 𝑲𝑲        11 
𝒇𝒇𝒋𝒋 ≥ 𝟎𝟎                                                                         ∀ 𝒋𝒋 ∈ 𝑲𝑲, integer        12 
𝒇𝒇𝒊𝒊𝒋𝒋 ≥ 𝟎𝟎                                                                       ∀𝒊𝒊 ∈ 𝑷𝑷, 𝒋𝒋 ∈ 𝑲𝑲, integer              13 
 𝑹𝑹𝒊𝒊𝒋𝒋 = 𝟎𝟎,𝟏𝟏                                                                  ∀𝒊𝒊 ∈ 𝑷𝑷, 𝒋𝒋 ∈ 𝑲𝑲                                14 
Where: 
Z      = Total cost of public transport operation 
Cpkmj = Cost per km of operation on route j 
L = Route length 
i      = Links on the public transport network 
j      = Routes on the public transport network 
P = Total number of public transport links in the road network 
K = Total number of routes in the public transport network 
fij        = Assigned frequency for link i on route j 
LFj   = Load factor of route j 
Capj  = Capacity of vehicle operating on route j 




Di = Public transport demand on link i 
fj         = Peak hour frequency of route j 
Pfj   = Policy headway on route j 
lj         = Length of route j 
Sj       = Average speed of route j 
LTj   = Lay-over time of route j 
BR = Bus routes within the public transport network 
M     = Total bus fleet available  
N     = Total paratransit fleet available 
 
Objective function and decision variables: The objective function presented in equation 5 is a 
summation of the total cost of public transport operations (Z) across various transit modes i.e. bus 
and paratransit, calculated as the summation of the cost of operation of all routes. The route-wise 
frequency requirement during the peak hour (fj) is considered as the decision variable. Since the 
optimisation is being carried out only for the peak hour, the multiplication of frequency and route 
length determines the vehicle-km operated during the hour. Therefore, the objective function for 
cost of operations was represented as the multiplication of the operational cost per-km of each 
route (Cpkmj), the length of route (Lj) on which it operates and the peak hour frequency of the 
system (fj). The cost per km is taken by route such that the variation in operational cost of bus and 






Demand Constraints: Equation 6 presents the demand constraint i.e. the combined capacity of all 
the routes on the link should meet the desired transit flow derived from assignment in the lower 
level solution. It assigns frequencies to the route on each of its links such that the combined 
capacity offered all the routes on a particular link together meet its total travel demand. The total 
route capacity on a link is calculated as a multiplication of the frequency of each route on the link 
(fij), capacity of each vehicle (Capj) and its load factor (LFj) i.e. the desired number of passengers 
on-board the vehicle vis-à-vis its capacity. The summation of capacity carried out across all routes 
should be greater than or equal to the total demand on the link (Di). The null constraint (Rij) in 
Equation 7 ensures that link-wise frequencies for a route (fij) are not assigned for the links where 
the routes are not operational, thereby not including those links in this calculation. Such a 
formulation allows for assigning different vehicle capacities and load factors to different routes 
thereby allowing for modelling multiple transit modes providing parallel services on a link. 
 
Identifying the maximum load section: The current solution adopts the maximum load section 
method maximum load section method proposed by (Ceder, 1984) and (Hadas and Shnaiderman, 
2012) i.e. the link assigned with the maximum transit demand/ flow needs to be identified for each 
route. The transit assignment in the lower-level on each link, which contains multiple routes 
passing through it. Therefore, a three-step iterative method is adopted to solve this problem: 
Step 1: Initially, the flow assigned to each link is distributed equally among all the bus and 
paratransit routes passing through it. Based on the vehicle capacity on each route, the frequency 
requirement for the route is determined for this demand. Therefore, each link of the route has 




Step 2:  Equation 8 then selects the maximum load section by comparing the frequencies across 
all links of the route (fij) and assigns them as the frequency for the entire route (fj) 
Step 3: The frequencies (fj) of various routes are then re-adjusted using equation 6 i.e. to ensure 
that the summation of capacity offered on the link is greater than or equal to the flow assigned to 
it  
 
Ensuring policy frequency: A formal public transport system is required to provide a minimum 
level of service on all routes, irrespective of the demand, known as the policy frequency or 
headway. Equation 9 gives the policy headways for each route (Pfj) i.e. the minimum frequency to 
be assigned to the route (fj). For the current thesis, the policy frequency for buses was derived from 
secondary data while for paratransit, it was considered as zero, as they currently do not have any 
service obligation to the city 
 
Fleet availability constraints: Irrespective of the demand and level of service requirements, the 
available fleet with each system determines its maximum service capacity. Therefore, equations 
10 and 11 are introduced to represent the fleet availability constraints for bus and paratransit 
systems respectively. The fleet size required to provide for the assigned frequencies are estimated 
based on the round-trip times for various routes. The round trip time is calculated as the sum of 
time taken to complete the onward and return trips, and the lay-over time between the onward and 
return trips. lj and Sj represent the distance and speed of various routes (j), while LTj  represents 
the lay over time of each route (j). M and N represent the maximum fleet availability of bus and 




capacity constraint for bus routes (BR), while equation 11 considers paratransit capacity 
constraints on routes beyond bus routes i.e. the paratransit routes. 
 
Ensuring non-negativity: Equations 12 and 13 represent the non-negative and integer nature of 
link and route level frequencies while equation 14 represents the binary nature of parameter Rij 
that indicates the availability of a route on a particular link.  
In summary, equation 6 and equation 8 iteratively solve for the optimal route-wise frequency 
for minimising the cost of total operations while meeting the link-wise demand, maximum load 
section, policy frequency and fleet constraints.  
3.3.4 Indicators to measure the societal impact of alternative bus and paratransit mix 
scenarios 
The bi-level solution method explained above solves for users’ objective of travel time 
minimisation and operators’ objective of operational cost minimisation to derive the optimal route-
wise frequencies of bus and paratransit systems. In addition to the impact on users and operators, 
the operations of bus and paratransit services also have a societal impact in terms of the 
externalities they generate. As explained in section 2.4, solutions to TNFSP in literature have 
included the societal impacts into the objective function of the frequency optimisation problem i.e. 
only frequencies with optimal societal impact were assigned. The current thesis only includes 
operators objectives in the frequency optimisation formulation and measures societal impact 
explicitly. Such a formulation allows to test for alternative bus and paratransit scenarios. Two of 
the indicators proposed by Sen et al. (2010) have been developed to measure the societal impact 
of the proposed public transport system: the overall road space requirement of the combined public 




i) Total road space requirement of the public transport system: This is measured as the 
total vehicle km operated by the public transport system. Since individual bus and 
paratransit vehicles occupy different space on road, their vehicle km are measured in 
multiples of equivalent Passenger Car Units (PCU). Even though the formulation allows 
for multiple vehicle types, only bus and three-wheeler based paratransit vehicles with a 
capacity of six passengers per vehicle were used for analysis, in line with the objectives 
of the current thesis. Therefore, each bus was considered as 3 PCUs, while each paratransit 
vehicle i.e. the three-wheeled auto-rickshaw is considered as 1 PCU (IRC, 1994b) 
ii) Emissions from the public transport system: The air pollution impact of the public 
transport system is measured as a function of the Particulate Matter (PM2.5) emissions 
caused by the system. The average age of the vehicles of bus and paratransit was derived 
from the sample data used for operational characteristics analysis. The average age was 
then adopted for the entire population and the emission factor for the considered vehicles 
and their ages was considered for further analysis. Standard PM2.5 emission factors of 
0.571 gm/km for buses and 0.109 gm/km for paratransit vehicles were adopted for the 
current analysis (Emissions, 2018). However, the formulation allows for adopting varying 
emission factors for fleets of different fuel types and emission factors.  
 
3.4 Illustrative example: Transit assignment and frequency optimisation for a sample 
network 
The application of the stand-alone bi-level optimisation approach presented above is 
explained in this section using an illustrative public transport network presented in Figure 7. It 




either a bus route or a paratransit route or both. The network has a total of four public transport 
routes including three bus routes and one paratransit route. The number of lines on each link 
indicate the number of routes passing through it. This network doesn’t have any links without a 
bus or paratransit service and hence all the links are included for transit flow assignment and 
frequency optimisation. In case of a real world network, the links beyond the transit network are 
designated as access and egress links to transit, with their speed and travel time calculated 
accordingly. 
 
Figure 7 Illustrative public transport network 
 





















Link flow Bus 
Paratra
nsit 1 2 3 4 
1 2 40 3.00 1 0 1       1 0 1500 1500 
2 2 40 3.00 1 0 1 1 1   3 0 1500 1800 
3 2 40 3.00 1 0 1 1 1 1 3 1 1500 2700 
4 2 40 3.00 1 0 1 1 1 1 3 1 1500 1500 
5 2 40 3.00 1 0 1       1 0 1500 1200 
6 2 40 3.00 1 1   1     1 0 1500 600 
7 2 40 3.00 1 0       1 0 1 1500 900 
8 2 40 3.00 1 1     1 1 1 1 1500 300 





Table 10 Optimal frequencies for maximum load section and link-wise demand equilibrium 
  
Parameter   
Link flow distributed 
across routes 









1 1500 1500 0 0 0 25 0 0 0 
2 1800 1500 600 0 0 25 10 0 0 
3 2700 1500 600 60 900 25 10 1 180 
4 1500 1500 600 60 900 25 10 1 180 
5 1200 1200 0 0 0 20 0 0 0 
6 600 0 600 0 0 0 10 0 0 
7 900 0 0 0 900 0 0 0 180 
8 300 0 0 60 900 0 0 1 180 






















n Route Type   1 1 1 2 
Objective function (Total cost of 
operations in Indian Rupees)= 
11,480 
Vehicle Capacity   60 60 60 5 
RouteLength   54 36 18 6 
Cost per km   20 20 20 3 
      
Route Speed   40 40 40 40 
Route Time   81 54 27 9 
Layover Time   10 10 10 5 
Round Trip Time 
(2 x Route time+ 
Layover time)   40 40 34 29 
Optimal 
Frequency   25 10 1 180 
Fleet required  
(=Cycle time X 
Frequency/60)   17 7 1 87 
 
The bi-level model explained previously was applied to this network, where the transit 
assignment of bus and paratransit trips was carried out in the lower level followed by the frequency 
optimisation solution in the upper level that takes link flows from assignment as input. The 




i) Coding for transit assignment: Table 9 shows a sample attribute table of the road 
network that gives the details of link length, free-flow speed, travel time, length and the 
availability of various bus and paratransit routes on each link. A user-equilibrium based 
transit assignment for the Origin Destination (OD) matrix of bus and paratransit trips is 
conducted using user-equilibrium method in TransCAD 6.0. The OD creation and transit 
assignment stage is not illustrated here as we adopted the standard headway based methods 
which were well established in literature (explained in section 2.5.1).  Table 9 and Table 
10 present an overview of how the output from the transit assignment is converted into an 
input for optimisation.  
Table 9 includes the results of the transit assignment and the coding on the routes 
plying through each of the links. The routes operational on the link are coded as 1 and the 
rest are coded as 0. Therefore, the summation of all 1’s on a link gives the total number of 
routes playing through a link. Similarly, all the 1’s in the column of a route indicate the 
links through which the route passes. In case of the network presented in Figure 7, the three 
bus routes are numbered from one to three while the paratransit route is numbered four. 
The link length, speed, travel time, capacity and the desired transit flow are also included 
in the table. The link capacity is a base capacity assumed for each link based on the network 
characteristics i.e. number of buses and paratransit routes passing through the link. Link 
flow is the desired transit demand on these links based on the ‘user equilibrium’ transit 
assignment that is converged for shortest journey time for users.  
These attributes are used to assign transit OD matrix on to the network using the 
user-equilibrium method. The link-wise desired flows in congested travel time conditions 




ii) Coding to convert link-wise transit demand to route level demand: Table 10 gives an 
overview of how the link flows are split further to derive route level flows. This is further 
classified into two sections in the table:  
a) The Link ID section of the table provides details of the route-link relationship and 
the frequency outputs from the optimisation exercise, wherein the links are 
considered in rows and routes in columns.  
b) The ‘parameters for frequency optimisation’ section includes inputs required for 
the optimisation exercise i.e.  
I. Route type: whether the route in each column is a bus or a paratransit route 
II. Passenger capacity: the capacity of individual vehicles on the route as a 
function of the route type. The current research only deals with two vehicle 
types i.e. bus and paratransit. However, the same modelling framework can 
also be applied in cities with more vehicle types providing transit services 
III. Route length, speed, travel time and layover time: These parameters are 
needed to determine the round trip time of vehicles operating across various 
routes. The total travel time for each route is derived by adding up the link-
wise travel time across all links along the route. The travel time considered 
is the congested travel time on the links, derived after the user-equilibrium 
based transit assignment, derived from TransCAD 
IV. Cost per km: We have considered the operational cost for the two modes 
under consideration. This is because the focus of the current research is to 
identify the optimal mix of transit modes purely based on operational 




considered as fixed costs, external to the current study. However, these can 
easily be incorporated into the model without altering the model if needed, 
by assigning the appropriate values. 
V. Optimal frequency: Gives the output of the optimisation exercise i.e. the 
frequency of each route for which the overall cost of operations is 
minimised 
VI. Fleet required: The fleet required on each route is determined as a function 
of the optimal frequency and the round trip time required for the vehicles 
operating on the route. If the round trip time exceeds one hour, the route 
will require additional fleet to maintain the designed frequency during all 
hours. This only derives the operational fleet required to be deployed on 
each route. The total fleet required in the city also involves estimating spare 
fleet requirement, depot allocation of fleet etc. which is beyond the scope 
of the current thesis. 
c) Frequency optimisation in CPLEX: The total transit flow on a link is initially 
distributed equally across all the routes operating on it. The maximum load section 
on each of the routes is then derived by comparing the initial demand assigned to 
each link for various routes. Further, the frequency for the maximum load section 
is assigned to the entire route and flows on all the links of the route are updated to 
have the same demand as the maximum load section. The maximum required 
frequency to cater to this demand are calculated based on the capacity offered by 
the individual vehicles on these routes. The total frequency and fleet requirements 




on each mode and policy headway i.e. the minimum headway required on each 
route. The frequencies across modes and routes are reallocated such that the 
objective function is re-calculated considering the available constraints.  
d) Using the transit assignment and optimisation outputs to measure societal 
impact: The overall cost of public transport operations is derived as a measure of 
cost to the operator. Additionally, two more indicators to quantify the impact of 
the public transport mix on the city were derived from the outputs of the 
optimisation exercise. The road space requirements for the proposed service 
frequencies and particulate matter (PM 2.5) emissions from the vehicular exhaust 
of these services have also been derived. The road space required to operate the 
services is measured for the peak hour for a multiplication of the Passenger Car 
Unit (PCU) of the vehicle. The emission impact is derived using the standard 
emission factor for each vehicle type. Table 10 gives the output of such iterative 
analysis for the sample network presented in Figure 7. The objective function 
value i.e. the optimal total cost of public transport is also presented in Table 10.  
 
These steps are carried out iteratively until the optimal frequencies and route wise link loads are 
achieved. The following is a summary of the procedure for converting link flows to route 
frequencies in a step by step algorithm.   
 
3.4.1 Summary of algorithm for deriving route frequencies from transit flows 
i) Derive link-wise transit flows through user equilibrium based transit assignment 




iii) For each route, compare flows assigned to each of its links to identify the maximum load 
section 
iv) Assign frequency to each route based on the link with maximum load while ensuring that 
the policy headway is maintained   
v) Compare the total supply of buses on all routes of each link with the total demand on the 
link. Similarly, the frequency and travel time of each route is used to compute the total 
fleet required across all routes and is compared with the available fleet 
vi) If the link-level travel demand and overall fleet constraints aren’t satisfied,  the frequencies 
in step iv are reassigned such that steps iv and v are iterated until both the constraints are 
satisfied simultaneously 
vii) Once the link-level demand and total fleet requirement constraints are met, the results are 
used to compute the societal impacts in terms of the total road space requirements and 
emissions caused by bus and paratransit services 
 
3.5 Alternative public transport demand and supply scenarios 
The bi-level planning and frequency optimisation model explained in the previous sections 
presents an analytical framework to identify the optimal supply of formal and informal public 
transport systems for a city and its impact on the road space requirements and air pollution. The 
model is developed with the objective of identifying the optimal mix between formal and informal 
transit systems as the city’s development pattern and hence the travel demand patterns evolve over 
time. Therefore, the following scenarios were tested to demonstrate how the model can inform 
decision making on public transport provision and its impact on the city. The scenarios were 




National Urban Transport Policy (NUTP), Sustainable Development Goals (SGD) etc. such that 
recommendations from the current thesis can inform the discussion on these policies. The 
scenarios and modelling framework were designed in such a way that the findings for the case of 
Visakhapatnam can also inform other cities intending to integrate formal and informal transit 
systems 
 
Scenario 1-Integrated planning scenario: Combined transit assignment and optimisation  
The National Urban Transport Policy (NUTP) of India, 2016 and various subsequent policy 
initiatives like the Smart cities mission highlight the need for multimodal integration in transport 
(MoUD, 2006, MoUD, 2014). Towards testing the impact of such integration, in the first scenario, 
we model an alternative transit network where the entire public transport demand and supply 
network is considered as one system instead of the current practice of planning bus and paratransit 
as independent systems. The combined Origin-Destination (OD) matrix comprising of all the 
public transport trips i.e. formal and informal together, was assigned on to the public transport 
network which is the combination of all the bus and paratransit routes. The optimal frequency and 
fleet requirements for such a scenario, the overall cost of operations, the road space requirements 
of the system and its emissions were estimated. 
 
Scenario 2-Demand shift scenarios: Increasing bus share of transit demand 
In addition to the National level initiatives highlighted above, global initiatives like the Sustainable 
Development Goals (SDGs) and Sustainable Mobility for All (SUM4ALL) advocate for high 
shares of public transport systems in cities. This scenario analyses the impact of increasing the bus 




are key determinants of users’ mode choice decisions and the travel patterns of Indian cities show 
that as city populations grow, their size and trip lengths also increase (Moser et al., 2016). In order 
to quantify the impact of such shifts on the public transport systems and the city the current 
scenario analyses a transit demand scenario, where the paratransit users travelling longer distances 
i.e. with trip lengths greater than 5km shift to buses. The impact of such a shift shifts were 
quantified through five sub-scenarios with each sub-scenario representing an incremental shift of 
20% of the long distance paratransit services to buses. Separate transit assignment and optimisation 
are carried out for bus and paratransit networks to assess the impact of such a scenario on the fleet 
and road space requirements, cost of operations and emissions.  
 
Scenario 3: Supply shift scenarios: Trunk and Feeder system for bus and paratransit  
It was highlighted in section 2.3.2 that majority of the available literature on paratransit integration 
with formal modes focuses on designing them as a feeder to the main haul public transport system. 
Therefore, the third set of scenarios test for the implications of designing such a system. In these 
scenarios, the impact of buses providing trunk services on high demand routes and paratransit 
operating along the existing bus routes thereby providing feeder services to buses was tested. 
Additionally, two alternative supply scenarios i.e. the impact of providing only one of Bus or 
paratransit services to cater to the entire public transport demand in the city were tested.  
 
Scenario 4: Mass Transit scenario: Bus Rapid Transit (BRT) along high demand corridors 
Many cities in India and other developing countries are at various stages of developing bus based 
mass transit systems i.e. Bus Rapid Transit (BRT) systems, which provide exclusive right of way 




overall emission implications from transport. Therefore, this scenario tests for developing an open 
BRT system in the case city that retains the existing bus route network but increases their speed 
on the mass transit corridor by 25%. In addition to the road space and emission impact calculations, 
this scenario also demonstrates the applicability of the model even for a city network with a mass 
transit system.  
 
In summary, the scenario analysis applies the bi-level optimisation model to test the impact of 
various demand and supply alternatives on the cost of public transport operations in the city, the 
road-space occupied in providing the public transport service and the emissions caused in the 
process.  
3.6 Summary of methodology and key contributions to literature 
This chapter explained the methodology adopted to fulfill various objectives set out for the 
thesis. Integrated planning for formal and informal public transport systems has received limited 
focus in literature as majority of paratransit literature focuses on its governance and operators’ 
livelihoods aspects. Hence this thesis developed a novel framework for integrated formal and 
informal transit planning by adapting methods for formal public transport planning and 
incorporating key features of paratransit services into it.  
The demand characteristics of the two systems were established based on detailed household 
survey data capturing socio-economic and travel behaviour characteristics of both the modes. To 
the best of our knowledge this is the only study to establish the relative characteristics of formal 
and informal transport users to this level of detail. We have also used these demand characteristics 
to carry out an integrated transit assignment in TransCAD to derive link-wise bus and paratransit 




schedules along with paratransit services which typically provide high frequency services without 
predetermined stops. The framework for such integrated transit assignment for paratransit systems 
is another contribution of this thesis to the current literature. 
The supply characteristics of the two systems were established through primary and secondary 
surveys and were later compared for performance efficiency using Data Envelopment Analysis 
(DEA). A DEA based efficiency comparision between formal and informal transit systems hasn’t 
been attempted before. Such an approach will highlight the specific input and output variables 
leading to the difference in efficiency between the two systems, thereby providing crucial inputs 
to the planning process. 
 The integration between bus and paratransit services is modelled as a frequency setting 
problem i.e. intervening at tactical planning stage of public transport planning. Previous attempts 
for paratransit integration modelled them as a feeder service with limited success (Del Mistro and 
Behrens, 2015, Ferro et al., 2012). Hence we treat paratransit as an independent system offering 
parallel transit services and use a frequency setting approach to integrate the two modes. 
  A bi-level transit assignment and frequency optimisation model was developed to determine 
the ideal mix of formal and informal transit services to meet the overall public transport demand 
in the city. While bi-level frequency optimisation was attempted before, it’s application to real-
world situations were limited. A stand-alone bi-level solution method was used in this thesis 
enables to solve for real world cases. The lower level of the model carries out multi-modal transit 
assignment to minimise users travel time in the network. The upper level of the model takes the 
link-wise travel demand input from the lower level and carries out integrated frequency 
optimisation of bus and paratransit services to minimise their overall operating cost while meeting 




The outputs of the bi-level optimisation exercise are used to estimate the societal impacts of 
the multimodal public transport measured in terms of road space needs and emissions implications. 
Therefore, the methodology adopted for this thesis covers for users, operators and societal 
objectives while planning for integrated public transport systems. Given the often conflicting 
objectives of users and operators the proposed approach can help cities in rationale decision 
making while planning for integrated public transport. The same can be demonstrated using the 





















4 Visakhapatnam as Case city, Data collection  
This chapter introduces the characteristics of the case city adopted for the current thesis 
and the data collection methods adopted to capture the users’, operators’ and city related data 
required for further analysis. The data collected can be classified into three categories: 
i) Household surveys for users’ socio-economic and travel characteristics  
ii) Route network maps of bus and paratransit services in the case city  
iii) Operational characteristics of bus and paratransit services 
The data collection methodology and sampling strategy for primary surveys are explained in the 
following sections. 
4.1 Introduction of the case city-Visakhapatnam 
The city of Visakhapatnam (also known as Vizag), a medium sized city located on the 
eastern coast of India, is taken as the case study. With a population of 1.73 million it is the largest 
city in the state of Andhra Pradesh (Census, 2011a). The current urban agglomeration of 
Visakhapatnam is spread over an area of 534 sq. km., of which the built-up area is only 166 sq. 
km. (iTrans, 2014b). The city has a significant network coverage of both city bus services and 
paratransit services. The population of the city and the presence of both formal and informal public 
transport systems make Visakhapatnam a representative case-study among the medium sized 
Indian cities with population between 1-5 million. Therefore, the findings from the city can offer 
learnings for integrated public transport planning in other such cities. 
The city bus system of Visakhapatnam is owned and operated by the Andhra Pradesh State 




buses operating across 133 bus routes assigned to four depots, out of which 83 routes operate 
entirely within the city limits while the remaining routes provide connectivity to the suburban 
areas. The paratransit services in the city comprises of approximately 28,400 three wheeled auto-
rickshaws with two variants of passenger carrying capacity: nearly half the fleet having a seated 
capacity of three passengers and the remaining half having a seated capacity of six passengers 
(iTrans, 2014a).  
4.2 Data collection for user characteristics using household interview surveys 
Travel behaviour of individuals is based on their socio-economic characteristics like gender, 
age, income, vehicle ownership etc., their activity patterns through the day and the corresponding 
travel needs (Koppelman and Bhat, 2006). Household travel demand surveys have been 
established as a reliable method to collect information on users’ household characteristics as well 
as their activity and travel patterns. They also capture information of all the members of the 
household (Stopher and Greaves, 2007). Hence household surveys are used in the current study to 
derive the trip generation patterns of various user groups. We collected the household survey data 
presented in this study as a part of the preparation of the Low Carbon Mobility Plan (LCMP) of 
Visakhapatnam (iTrans, 2014a).  
4.2.1 Sampling strategy for household surveys 
A stratified sample of households that represents the various socio-economic groups in the 
city is selected for primary survey. The first step in determining the sample size is to know the 
total number of households in the city. Property tax is the largest source of tax revenue for the city 
municipal authorities in Indian cities. Hence they maintain a good record of all properties/ 




commercial, industrial etc. The Geographic Information System (GIS) based property tax database 
of the Greater Visakhapatnam Municipal Corporation (GVMC) maps provided the total number 
of households in each neighborhood of the city. This was further used to estimate the sample size 
for household survey (Xynthe, 2012). 
A stratified sampling technique was used to determine the sample size of households in each 
municipal ward to represent the various levels of heterogeneity in the ward, including: population 
density of the neighbourhood, distance from the core of the city and income level heterogeneity. 
Figure 8 shows the map of households in Visakhapatnam mapped over the ward map for the city. 
The concentration of development in a few pockets of the city can be observed from the map. 
Some of the wards have high concentration of households while many have a space distribution, 
with seven wards having negligible inhabitation. Therefore, only 65 of the 72 municipal wards of 
the city covering the entire geographic spread of households in the city were selected for the 
household surveys.  The other 7 wards are sparsely populated and hence have been left out of the 






Figure 8 Property data overlapped with ward map of Visakhapatnam  
(Source: GVMC, 2013) 
i) Estimating city level sample size for statistical representativeness  
The sample of households was determined in such a way that it is statistically 
representative of the total number of households in the ward. The total number of households in 
each ward were determined using the number of buildings under residential land-use in the 
property tax database. It was observed that the total number of households in the city was 4,19,343. 
The sample size for surveys was calculated based on probability sampling i.e. the central limit 
theorem states that samples greater than 30 in size tend to follow normal distribution irrespective 





According to this, considering a population of size N, mean µ, standard deviation σ, sample 
size n, sample mean x and if a normal distribution is assumed and a 95% confidence level is 
specified, this means that a maximum value of 1.96 would be Z (critical) accepted for the confidence 
interval (i.e. µ ± 1.96σ contains 95% of the normal probability distribution).  




















If a 10% error is specified we would get, E= (x- µ) = 0.1 µ 
Therefore, n= ((1.96/0.1)*(σ/µ))2 = 384* (σ/µ) 2  
In Visakhapatnam, for the total households in all wards, Mean households per ward (µ)= 5699 and 
their standard deviation (σ)= 2572. Therefore, the minimum sample size for statistical 
representativeness of households (ncritical) at the city level is 1,885. 
 
ii) Ward wise distribution of sample size 
The total sample size derived above was distributed among the selected 65 wards in 
proportion to the total number of households in the ward. The sample allocated for each ward was 
then checked for statistical significance within the ward using a non-probability sampling test, as 
explained in  (Biemer and Lyberg, 2003). Using this method it was observed that 1,885 households 








statistically significant, in many wards. The GIS base data was used to observe the total number 
of households in each ward, out of which a statistically significant sample size of households was 
estimated for survey. On the basis of sample theory, size of sample for each of the wards was 
calculated and for a 95% confidence level (Biemer and Lyberg, 2003). Hence the total sample has 
been increased in such a way that all the wards have a statistically significant sample. Such a 
sample is needs 2,935 households i.e. 0.7% of total households in the city to capture the 
heterogeneity.  
 
iii) Representing the income level heterogeneity within each ward 
The sample size determined above was further distributed among various income groups of 
the ward, taking the property tax of a household as a proxy for its income. This is because the city 
of Visakhapatnam levies property tax as a function of the type of household and it’s built up area. 
The city uses six different slabs of property tax which correspond to the type of construction of 
the household i.e. temporary settlements, ordinary tiled roofs, masonry tiled roofs, masonry 
terraced roofs, single storeyed Reinforced Cement Concrete (RCC) buildings and multi-storeyed 
RCC buildings.  
It was assumed that higher income groups tend to stay in better and bigger houses thereby 
paying a higher property tax. Therefore, the proportion of households in each of these slabs was 
derived from the property tax data and used as an indicator of various income groups for the ward. 
The sample size estimated for each ward was also distributed in proportion to the number of 
households in each category. It is to be noted that property tax is only used to determine the sample 
size. All subsequent analysis regarding household income patterns was based on the primary data 




4.2.2 Household survey format 
Table 7 presented the questionnaire used for the household survey. It captures general 
information about household and the information specific to individual in the household. The 
general information about the households includes information regarding the size of household, 
living conditions, assets owned and the demographics of all members of the household. Individual 
specific information of the questionnaire captures information related to individual age, gender, 
education, occupation and income along with their detailed existing travel dairy for the previous 
day. The detailed activity dairy and travel dairy of each individual included trip purposes, distances 
travelled, travel time, cost of travel and trip chain data to capture details for multi-modal use and 
included information like access and egress mode, distance, travel time and cost. The survey has 
been carried out manually through personal interviews at each household. The surveyors captured 
information for each member of the household that were answered either by the individual directly 
or by the head of the household.  
4.2.3 Household survey methodology 
The surveys were carried out between August and October, 2013 through personal 
interviews at each household, by a team of 25 well-trained surveyors. The surveyors visited 
localities of various income groups within each ward and selected households to be interviewed 
based on random sampling method. The questionnaires for each member of the household were 
answered either by the individual directly or by the head of the household and hence the accuracy 
of the information depended on their ability to recall all their trips. Therefore, it is likely that some 
of the shorter or less frequent trips of the members of the household were not reported during the 
survey. The data collected from households was later coded into spreadsheets for further analysis. 




entry. Data for some of the households were discarded due to incomplete survey forms and the 
3,058 households which had the complete data were used for further analysis. 
Given the sampling strategy that captured the heterogeneity of the households in the city, it 
can be reasonably assumed that the households covered through the survey were representative of 
the entire city. Additionally, some of the characteristics describing the surveyed individuals i.e. 
Age and Gender, for demographic profile and Vehicle ownership, for their income profile were 
compared with the data collected by Census of India to ensure that the collected data was 
representative of the users across the city (iTrans, 2014b). Table 11 presents this comparision 
taking household size i.e. number of inhabitants in each house as an indicator. The data from 
surveys has a similar pattern to that of the census data indicating that the sample survey data is 
representative of the entire population of Visakhapatnam. The detailed stratification of households 
adopted for the survey resulted in an accurate representation of both formal and informal transit 
users in proportion to their overall demand in the city. This further led to an unbiased analysis of 
their socio-economic and travel characteristics. 
 Table 11 Comparision of household size from household surveys with Census data  
Household size Census HHs HH Interview HHs 
1 3% 0% 
2 12% 11% 
3 20% 22% 
4 38% 41% 
5 16% 17% 
6-8 10% 9% 




4.3 Developing the public transport network map of Visakhapatnam 
The current thesis includes activities like comparing operational characteristics of bus and 
paratransit systems and transit assignment. Both these activities require the route network maps of 
the two systems as inputs, which are not available with any secondary source. Therefore a two 
stage approach was adopted to develop the public bus and paratransit network maps for 
Visakhapatnam: 
i) Developing the base road network map of Visakhapatnam 
ii) Mapping the bus and paratransit networks on to the road network map 
4.3.1 Preparing the road network map of Visakhapatnam  
The road network map of Visakhapatnam as developed by the Low Carbon Comprehensive 
Mobility Plan (LCMP) (iTrans, 2014a) is taken as the primary input for the current study. The 
LCMP divided the city into a total of 97 Traffic Analysis Zones (TAZs) i.e. zones with a relatively 
homogeneous land use development and travel demand patterns. The number of trips produced 
and attracted in the city are measured at the level of a TAZ. Therefore, each TAZ was represented 
by a centroid on the road network map i.e. the imaginary geographic centre of the TAZ from where 
the trips from and to the TAZ are originating or ending. 
A road network with a total length of 3,469 km that included all the access and collector 
streets of the city along with the arterial, sub-arterial streets. The public transport network 
characteristics are summarised is Table 12. The street network is represented as links and nodes, 
where nodes represent the intersections and links represent the roads between intersections. This 
network is developed using Quantum GIS, an open source Geographic Information Systems (GIS) 
platform and included attributes of each link including the length and width of each street, average 




refined to segregate the streets that have either bus or paratransit systems operating on them from 
the one’s that don’t have either of these services. The links with bus and/or paratransit were marked 
as public transport links while the rest of the network was marked as access and egress links to the 
public transport links.  
The centroids of the TAZs are connected to the road network using centroid connectors, 
which are imaginary lines which are used for assigning the trips originating and ending at various 
TAZs on to the road network. As explained in section 3.3, the current thesis adopts a headway 
based assignment that defines the public transport network as a set of segments having the same 
demand. Therefore, the transit network only includes links but doesn’t include any transit stops. 
Further, the smaller access links in the network were removed and only the access links directly 
connected to the public transport network were retained. Each TAZ was assigned four centroid 
connectors, to play the role of the smaller access and egress links. Figure 9 to Figure 11 present 
the various stages of extracting this network i.e. the TAZ map and road network used by LCMP 
of Visakhapatnam, the connectors providing access to the public transport in various zones and 
the road network containing public transport links.  
Table 12 Key characteristics of the transit network map 




Links with availability of 
services 
Yes Yes 89 42% 
Yes No 120.6 57% 
No Yes 2.3 1% 
Total bus Network 209.6 34% 
Total paratransit Network 91.3 15% 
Total Road Network 624.6  100% 




Arterial and Sub arterial network in Visakhapatnam 278.4   
*-Network coverage within arterial and sub-arterials roads 
 
 





Figure 10 Total Road network of Visakhapatnam 
 




4.3.2 Developing the transit attributes of the network 
As noted above, the public transport network map for Visakhapatnam was developed for 
the city’s mobility plan, which included planning for all modes of transport in the city. This 
included many small links to represent the entire road network. Given that the transit network has 
fewer intersections, the smaller links on the road network have been joined to aggregate them for 
bus and paratransit networks i.e. each node in the updated network represents the point where a 
bus or paratransit route enters or leave the corridor and the number of routes will remain constant 
throughout the length of the link. Further, the link attributes were developed based on those 
requirements. Given the transit focus of the current work, the network attributes of the transit links 
have been updated based on the travel time and link speed data of bus and paratransit services 
operating on these links, derived from LCMP 2014.  
4.3.3 Mapping individual bus and paratransit routes  
The network developed until now only includes the link-level characteristics like travel 
time and speed. Since the objective of the project is to optimise the frequency of each route, each 
individual route needs to be mapped to its corresponding link. This is necessary to carry out the 
transit flow conversion from link level demand to route level demand, as explained in section 3.4. 
The bus network and paratransit network-covering the six-seater shared auto-rickshaws which 
operate as informal public transport had to be mapped. The three-seater auto-rickshaw based 
services provide point to point taxi like services and are beyond the scope of the current project. 
However, the network maps weren’t available from secondary sources and had to be 
mapped for this study. The bus network map was plotted in google earth based on secondary data 
provided by APSRTC, for the alignment of the 103 routes operated the city. In case of paratransit, 




understand operational characteristics of the six-seater shared auto-rickshaw routes providing 
informal public transport services. In case of shared auto-rickshaws even though each vehicle 
doesn’t operate on a fixed route, it was observed that their overall operations in the city are aligned 
around a few high demand corridors. 18 such corridors were identified based on inputs from the 
paratransit operators and were mapped individually on google earth. These routes are exported as 
a kml (keyhole mark-up language) file and later converted to GIS files. Figure 12 represents the 
various steps involved in plotting the routes and exporting them to GIS.  
The entire public transport network of 103 bus routes and 18 paratransit routes were 
mapped using this methodology. It was observed that out of the 103 city routes, only 92 operate 
totally within the city while the rest operate beyond the city limits for a majority of their operation. 
Even within these 92 routes, only 83 were considered in the later stages for frequency optimisation. 
This is because the remaining routes have a majority of their route overlapping with some other 
routes, only with a small variation at the source or destination, which is unlikely to change the 
overall analysis but has a significant implication on the time required to carry out the optimisation.  
4.3.4 Connecting the road network and public transport routes 
Finally, an attribute table connecting the road network and public transport routes was 
created with the road links as rows and bus and paratransit routes as columns. The cells in the table 
contained binary values i.e. the cells corresponding the links through which each route passes were 
marked as 1, while the rest of the cells were marked as zero. Similar coding was carried out across 
all routes to create a table linking the entire road and public transport network. All the cells 
containing ‘one’ in a row represent the various routes passing through the link. Similarly, all the 




A similar attribute table is presented in section 3.4, for the illustrative example to demonstrate the 
methodology.   
 
 
Figure 12 Mapping the public transport routes and merging them with the road network 
4.4 Data collection for operational performance bus and paratransit 
The previous sections explain the data collection for user characteristics and operators’ 
characteristics to the extent of their network coverage. The current section gets into further detail 




provided, ridership, financial performance etc. for the 92 bus routes and 18 paratransit routes 
explained in the previous section. 
4.4.1 Bus operations data 
The city bus system of Visakhapatnam is owned, operated and managed by the Andhra 
Pradesh State Road Transport Corporation (APSRTC), a state owned agency. The network 
planning, bus operations and fleet management of the system are carried out by the same agency. 
The data for the bus operations analysis was derived from the operations data maintained by the 
APSRTC. As presented in the literature review, the performance of a bus system needs to be 
measured through a wide range of indicators covering the physical operations of buses, passenger 
service attributes and safety of the services. However, APSRTC only maintains detailed indicators 
to measure the physical operational characteristics of buses like the mileage of operations and 
passengers travelled. The customer service and safety related indicators are not measured. 
Therefore, the current thesis only focuses on the physical operational performance of the 
Visakhapatnam city bus system. 
APSRTC monitors the operational performance data of the city bus system at a daily and 
monthly frequency, disaggregated at the level of each route and depot. Operational performance 
data for the month of September, 2014 was shared by the operator for the current study. It was 
observed that the following key indicators were available for each of the routes: Length of the 
routes, route alignment, number of buses allocated to these routes, number of scheduled trips1 per 
day, monthly mileage of the scheduled trips, mileage of trips that were operated according to the 
schedule, mileage of trips cancelled due to various maintenance and operational issues, aggregated 
                                                 




revenue generated through ticket fares, revenue per km of operation, revenue per bus, average 
occupancy ratio i.e. the ratio of the demand generated along the routes and the capacity offered, 
daily vehicle utilisation, i.e., kilometres operated by each bus in a day. The analysis of this data is 
presented in section 1.1. 
4.4.2 Paratransit operations data 
The paratransit in the city comprises of approximately 28,400 three wheeled auto-rickshaws with 
two variants of passenger carrying capacity: nearly half the fleet having a seated capacity of three 
passengers and the remaining half having a seated capacity of six passengers. Each vehicle 
operates on its own either as a taxi service for individual trips or as a shuttle service providing 
shared mobility between fixed origins and destinations with high demand. Some vehicles switch 
between different modes of operation depending upon the demand at a given point in time.  As a 
result, there exists no secondary data that captures their overall operations in the city. Therefore, 
two types of primary surveys were used to collect paratransit operational performance: 
i) Questionnaire survey of paratransit operators 
The data was collected through personal interview based questionnaire survey of 222 
paratransit operators across the city through random sampling. The questionnaire for the 
survey included capacity of vehicle i.e. three or six seater, daily mileage or kilometres of 
operation, passengers carried, route(s) of operation, income and expenditure details of the 
operators.   
ii) Road side occupancy surveys of paratransit  
Additionally, the occupancy data for paratransit has been derived from road-side surveys 
conducted for the LCMP 2014, in addition to the operator surveys. The survey collected 




the city and during various times of the day. Out of the overall dataset, the total sample of 
682 pertaining to paratransit vehicles was used for the current thesis. The analysis of 
paratransit operations is provided in section 1.1, while their comparision with bus 
operations is presented in section 5.3. 
4.5 Summary of data collection  
This chapter explained the data collection carried out to implement the methodology proposed 
for the thesis. Visakhapatnam, a medium sized Indian was taken up as a case city and the data 
collection was carried out through primary and secondary data sources in the city. The city has a 
significant share of formal bus services and informal paratransit provided by shared auto-
rickshaws, thereby providing a good case study for the proposed integrated planning framework. 
 User characteristics were collected using household surveys carried out at a statistically 
significant and representative sample identified through detailed stratification across the city. 
Operator characteristics of the formal bus services were collected from secondary data source 
while data on paratransit operations was collected through primary surveys. The operational 
network of the two systems was mapped on a GIS based road network which can be used as an 







5 Analysis of user and operator characteristics 
The analysis and findings of the data collected on public transport user and operator 
characteristics in Visakhapatnam are presented in this chapter. The analysis is categorised under 
the following sections: 
i) Analysis of public transport user characteristics  
ii) Analysis of operational characteristics of public transport 
iii) Comparision between performance efficiency of bus and paratransit systems 
iv) Review of city bus service planning practices of Visakhapatnam 
5.1 Analysis of public transport user characteristics’  
The primary surveys conducted in 3,058 households in Visakhapatnam collected activity 
and travel data corresponding to a total of 11,985 individuals living in these households. Details 
of the entire trip chain between the origin and destination of the individual were collected through 
the survey. Various key variables of these trips, including the purpose, weekly frequency, travel 
mode used, travel time spent and the length of each leg of the trip chain have been captured. In the 
case of a typical public transport trip chain, this included the access and egress legs of the trip, 
waiting time at the stop and the in-vehicle trip. It was observed that many public transport users 
haven’t reported the waiting time details of their trips. Therefore, the 3,564 of the total public 
transport trips that had data for all the parameters was used for the comparative analysis of socio-
economic and travel characteristics of individuals.   
A per-capita trip rate of 1.61 trips per individual per day was reported for these households. 
The mode shares of all the trips reported during the survey are summarised in Table 13. Public 




the rest of the trips were made by Car, Two-wheeler, Bicycle and Walk. Bus trips comprised 18% 
of the city’s trips while paratransit modes had a share of 9%. The presence of taxis in the city was 
negligible. The prominent share of bus and paratransit indicates their significant role in providing 
shared services to users. Hence, a detailed analysis of the user characteristics of both the modes 
was carried to understand the users’ needs better such that the two systems scan be planned to 
retain the existing users and shift more users from private modes like cars and two-wheelers to 
public transport 
Table 13 Mode share of trips in Visakhapatnam 
Mode 
Share of total trips 
(in percentage) 
Car  2 
Two-wheeler 16 
Bus 18 





5.1.1 Socio-Economic Characteristics of Bus and Paratransit Users 
A summary of the key socio-economic variables collected through the household survey 
are presented in Table 14. Continuous variables like age and income have also been categorised 
into groups for the sake of presenting them in the table.  
Age categories: Age was divided into four categories i.e. infants less than six years old, students-
who typically age between six to eighteen, college students and working population-who age 
between eighteen to sixty years and elderly people aged more than 60 years 
Income categories: The ‘household income’ variable received limited response during the 




Therefore, the interviewed households were categorised into high, medium and low income groups 
based on the living conditions of each household and the type of assets owned. According to this 
classification, the 3,058 households interviewed were divided into 542 low-income households, 
1,263 middle income households and 1,252 high income households. 
i) High income households: Living in multi-storeyed apartments or concrete structures 
and owning either at least a Car or the combination of a two-wheeler/ motorcycle and 
an Air-Conditioner (AC) 
ii) Medium income households: Living in semi-permanent tiled roof households and 
masonry structures owning either a two-wheeler/ motorcycle or a refrigerator or an AC. 
Households living in concrete structure but without the assets mentioned above were 
also categorised as medium income groups 
iii) Low income households: Living in temporary settlements or living in tiled roof 
buildings without the assets mentioned above 
The variance between bus and paratransit users was measured using χ2 test for categorical 
variables and t-test for continuous variables. Results show that all the variables show statistical 
significance at 95% Confidence Interval i.e. the socio-economic characteristics of bus and 
paratransit users are significantly different across all variables. Therefore, it can be inferred that 
bus and paratransit modes currently cater to users of different socio-economic characteristics. The 
observations specific to individual variables are explained below. The choice behaviour of various 
categories of users, between bus and paratransit is presented in the next section 
Gender  
It was observed that males formed a higher proportion of users among both bus and paratransit 





Majority users of both bus and paratransit are in the age category of eighteen to 60 years. Users of 
higher age i.e. the one’s older than 18 years are observed to have higher bus patronage while 
paratransit is more popular among the younger public transport users. 
Occupation 
Users engaged in formal employment like salaried jobs and college students form the majority 
users of buses followed by the school students and daily wage employees. In case of paratransit, 
school students form the single largest group of users, which is twice higher than the next group 
of users i.e. the employees engaged in the informal sector. The higher share of school students 
compared to bus users also explains the higher share of younger users among paratransit. 
Household Income and Vehicle Ownership  
The relative proportion of users between various categories of these variables is observed to be 
similar for bus and paratransit users. 
Table 14 Comparision of Socio-Economic Characteristics of Bus and paratransit users 
 Variable Classification  Bus 
Paratr
ansit Total 






Sample Size   3687 1882 5569   
Gender Male 65% 57% 62% 0.000 
  Female 35% 43% 38% 
Age <6 2% 8% 4% 
  
0.000 
>6 and <=18 30% 36% 32% 
>18 and <=60 65% 53% 61% 
>60 3% 3% 3% 
Occupation Formal employment 24% 11% 19% 0.000 
  
Informal 
employment 15% 17% 15% 
Self employed 3% 8% 5% 
Household Work 10% 14% 11% 
School Student 16% 37% 23% 




Unemployed 2% 3% 2% 
Household 
income 
Low income 15% 17% 16% 0.030  
Middle income 44% 43% 43% 
High income 42% 40% 41% 
Car/ Two-
wheeler owned 
Yes 43% 46% 44% 0.005 
  No 57% 54% 56% 
 
5.1.2 Travel Characteristics of Bus and Paratransit Users 
The summary of the variables measuring the travel characteristics of bus and paratransit 
users i.e. trip purpose, travel time and trip length is presented in Table 15. Even though these 
variables are continuous they are presented after categorising them into various groups.  Paratransit 
trips were observed to be shorter and lesser in duration compared to bus trips. For a detailed 
understanding of the trip making behaviour of both the modes, various legs of the public transport 
trip i.e. the access and egress trips to and from the public transport stop, the wait time at the stop 
and the in-vehicle trip are presented separately. Access and egress stages along with wait times 
were established in literature as the weakest part of public transport trips and have the highest 
contribution to the total travel disutility (Krygsman et al., 2004). Therefore, Inter-Connectivity 
Ratio (ICR) i.e. the ratio of the total travel time spent on access and egress trips, including their 
wait times, to the total travel time has also been compared for bus and paratransit users.  
The χ2 test was used to measure variance between trip purposes of bus and paratransit users. 
As all other variables have continuous data, the t-test was used to compare the variance between 
the travel characteristics of users’ of both the modes. Most of the travel characteristics are 
significantly different for bus and paratransit users, at a 99% Confidence Interval. The observations 






It was observed that buses have a higher share of the work trips, while paratransit has a higher 
share of education trips. This is consistent with the observations from the occupations of users of 
these modes presented in Table 14.  
In-vehicle travel time 
Majority of the paratransit users have a low in-vehicle travel time of less than 15 min, while for 
buses medium and longer distance trips form the majority. However, even within the bus users, 
73% of the trips are less than 30 min long, which is an indication of the average trip times in the 
city being short. 
Wait time 
IPT users are also observed to have lower waiting times compared to Bus users. 62% of the 
paratransit trips have a waiting time shorter than 5 min indicating a very high frequency service. 
This is also a result of the paratransit trips being shorter than bus trips. 
Access-egress travel time 
It was observed that close to 84% of the access-egress trips for paratransit have a travel time of 
less than 10 min i.e. only users with origin and destination next to the paratransit services use the 
mode. Even in the case of buses, majority of users have a low access and egress time, but they also 
have a significant number of users in the longer time categories. 
In-vehicle trip length 
Paratransit users are observed to have a majority of their trips in the lower trip length categories 






Access-egress trip length 
Both bus and paratransit have majority of their users having a combined access and egress distance 
of less than 1 km. Buses have a slightly higher proportion of users accessing the system from a 
longer distance. 
Inter-Connectivity Ratio (ICR) 
The ICR i.e. the proportion of time spent on access and egress legs of the trips including wait times 
out of the total travel time has been analysed to understand the difference in trip patterns of bus 
and paratransit users in greater detail (Krygsman et al., 2004). Figure 13 presents the ICR patterns 
of both the modes. It was observed that paratransit users have a lesser ICR compared to bus users 
i.e. they spend lesser proportions of their trips on the access-egress and wait times. Conversely, as 
the ICR increases, users tend to shift towards buses.  
Table 15 Comparision of travel characteristics of bus and paratransit users 
Variable Classification  Bus Paratransit Total 











Work 44% 40% 43% 0.003 
  
Education 50% 51% 50% 
Shopping 3% 3% 3% 







<15 min 27% 49% 35% 
  
0.000 
15-30 min 46% 39% 43% 
30-45 min 10% 5% 9% 
45-60 min 11% 5% 9% 
>60 min 6% 2% 5% 
Wait Time <=5 min 32% 62% 38% 
 
0.762 
5-15 min 64% 36% 58% 





<=10m 50% 84% 61% 
  
0.000 
10-20m 33% 9% 25% 










<1 km 8% 20% 12% 
  
0.000 
1-3 km 18% 34% 23% 
3-5 km 20% 19% 19% 
5-10 km 26% 18% 23% 





<=1km 92% 96% 93% 
  
0.000 
1-3km 6% 2% 5% 









<=0.2 37% 76% 50% 
  
0.000 
0.2-0.4 30% 10% 23% 
0.4-0.6 24% 9% 19% 
0.6-0.8 6% 4% 5% 
>0.8 and <=1 3% 1% 2% 
 
 
Figure 13 Inter-Connectivity Ratio comparision for bus and paratransit users 
 
In summary majority of the socio-economic and travel characteristics of bus and paratransit 
users are significantly different. Therefore, it can be concluded that bus and paratransit modes are 




Each mode has its own group of users and hence it is important that public transport planning takes 
cognizance of the users preference of both modes while planning for the public transport system.  
5.1.3 Mode choice analysis between bus and paratransit 
Given the significant differences in characteristics of bus and paratransit users, the key 
variables impacting their choice between the two modes was analysed through binary logistic 
regression. The choice of public transport mode was used as the dependent variable while the 
socio-economic and travel characteristics as independent variables. Before the logistics regression, 
the socio-economic and travel characteristics were separately checked for multi-collinearity. Table 
16 presents the correlation matrix for socio-economic variables while Table 17 presents the 
correlation matrix for travel characteristics. Based on these results, ‘vehicle ownership’ variable 
among socio-economic characteristic and ‘trip length’ related variables among travel 
characteristics have been omitted from the logistic regression analysis. 
Therefore, gender, age, occupation, income, trip purpose and the components of travel time 
i.e. the access and egress time, waiting time and the in-vehicle travel time were included in the 
model. For logistic regression, Buses were coded as 1, while paratransit is coded as 0. Gender has 
been coded as a binary variable with males coded as 1 and females as 0. Income, occupation and 
trip purpose have been coded as categorical variables, while the travel time components were 
coded as continuous variables. Both the correlation and logistic regression analysis were carried 








Table 16 Correlation matrix for socio-economic characteristics 







1 0.205** -0.349** 0.005 -0.020 
Sig. (2-
tailed) 
  0.000 0.000 0.775 0.227 
Age Pearson 
Correlation 
0.205** 1 -0.501** -0.003 -0.008 
Sig. (2-
tailed) 
0.000   0.000 0.871 0.644 
Occupation Pearson 
Correlation 
-0.349** -0.501** 1 0.025 .034* 
Sig. (2-
tailed) 





0.005 -0.003 0.025 1 0.079** 
Sig. (2-
tailed) 





-0.020 -0.008 0.034* 0.079** 1 
Sig. (2-
tailed) 
0.227 0.644 0.043 0.000   
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
 
Table 17 Correlation matrix for travel characteristics 


























1 0.329** -0.037* 0.002 0.014 -0.017 -0.005 
Sig.  
(2-tailed) 







0.329** 1 0.048** 0.463** 0.019 0.066** 0.360** 
Sig.  
(2-tailed) 











-0.037* 0.048** 1 0.029 0.125** 0.494** -0.146** 
Sig. 
(2-tailed) 








0.002 0.463** 0.029 1 -0.008 0.009 0.837** 
Sig.  
(2-tailed) 






0.014 0.019 0.125** -0.008 1 0.098** -0.146** 
Sig.  
(2-tailed) 








-0.017 0.066** 0.494** 0.009 0.098** 1 -0.275** 
Sig.  
(2-tailed) 

















0.786 0.000 0.000 0.000 0.000 0.000   
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
 
Table 18 presents the results of the binary logistic regression analysis. The R2 value of 
0.198 which shows a decent fit for the model. It was observed that the variables-Gender, Income 
and the components of travel time exhibit the maximum correlation in the mode choice between 
bus and paratransit users. Variables like age and some of the occupations and trip purposes also 
have a significant correlation with mode choice. Since buses were coded as 1 and paratransit as 0, 
a positive coefficient indicates a preference towards with increase in the variables’ value, while a 
negative coefficient indicates the opposite. Among the socio-economic variables, gender has a 
negative co-efficient i.e. females have a higher preference for paratransit while males have a higher 
preference for the buses. Even though age showed a significant positive correlation, the low value 




occupation categories, only daily wage employees and the unemployed displayed a significant 
positive correlation towards buses i.e. they have a higher preference for buses compared to the 
formal employees. The other occupations do not exhibit significant variance compared to formal 
employees.  
Amongst the trip purpose categories, trips in the ‘education’ and ‘other’ categories have a 
significant positive correlation compared to work trips indicating a higher preference for buses. It 
was observed that all the travel time components have a significant correlation to mode choice. 
The coefficients of all the travel time variables are positive indicating that paratransit is preferred 
for shorter trips. As the travel time increases, users tend to prefer buses more. Within the travel 
time components, waiting time at stops has the highest coefficient value implying that the 
frequency of services is a key differentiator in mode choice between bus and paratransit. 
Paratransit is preferred on the routes where it offers high frequency services. The preference for 
buses increases as their frequencies become comparable to paratransit.  
The positive coefficients for travel time also indicate that as cities grow and their trip 
lengths increase, the likelihood of retaining and improving the public transport mode share in the 
city is critically dependant on improving the public transport network and it’s frequency of service 
in such a way that the system meets the travel time requirements of its users. Therefore, it is 
necessary for cities to proactively monitor trip length patterns and provide bus and paratransit 
systems accordingly. 
In summary, it can be concluded from the binary-logistic regression that choice between 
the public transport modes-bus and paratransit is explained best by the gender, income and travel 
time of the users. While the individual’s age showed a significant correlation, its coefficient is low, 




Table 18 Logistic regression analysis for bus and paratransit users 





































    80.987 6 0.000*
** 
      
Daily wage 
employees 
0.604 0.297 4.143 1 0.042*
* 
1.83 1.023 3.275 
Self employed -0.162 0.296 0.301 1 0.583 0.85 0.476 1.518 
Household 
Work 
-0.302 0.352 0.738 1 0.390 0.73
9 
0.371 1.473 
School Student 0.031 0.303 0.011 1 0.918 1.03
2 
0.569 1.87 
College Student 0.355 0.317 1.258 1 0.262 1.42
7 
0.767 2.656 










    11.302 3 0.010*
* 
      





Shopping 0.252 0.232 1.178 1 0.278 1.28
6 
0.816 2.026 





Access+ egress  
travel time 





















    
*** = P < 0:01; ** = P < 0:05; * = P < 0:1 





5.2 Analysis of bus and paratransit operational characteristics  
The household survey data has shown that Visakhapatnam has a significant presence of both bus 
and paratransit, with buses carrying 18% of the total trips in the city and the paratransit catering to 
9% of the total trips in the city (iTrans, 2014b). This sections covers the operational or supply 
characteristics of the two modes while meeting this demand. 
5.2.1 Network coverage of bus and paratransit services 
The route network of the public transport modes in Visakhapatnam were mapped using secondary 
data sources, as explained in section 4.3. Figure 14 shows the road network map of Visakhapatnam 
marking the links having access to bus and paratransit services and Table 12 presents a summary 
of the network characteristics. The network characteristics including the length of each link, access 
to bus and paratransit services were coded as attributes into the GIS based network map of the city. 
The arterial and sub-arterial streets were identified from the LCMP. The total length of bus network 
was then derived by summing the lengths of all links having access to buses. The same process 
was used to derive the total road network length and the network length of paratransit services. 
The percentage of arterial and sub-arterial road network covered is derived using this data. road 
network length and network length of paratransit services for further analysis. 
Buses have a network coverage throughout the city while paratransit routes were 
concentrated in the core area of the city with high travel demand. Out of the 624 km of arterial and 
sub-arterial roads in the city, approximately 201 km i.e. 32% of the road network has access to bus 
services. The paratransit services operate predominantly on only 91 km i.e. 15% of the city’s 
arterial and sub-arterial roads. While they may sometimes deviate to the remaining links depending 




to be considered within the core paratransit network for further analysis. All the links that have 
access to paratransit also have access to Bus services indicating the competition that exists between 
the two services.  
 
 





Figure 15 Paratransit (IPT) links highlighted on the Visakhapatnam road network 
5.2.2 Bus operations analysis  
The city has a total fleet size of 670 buses operating along 133 routes, operating from 4 
depots, out of which 92 routes and 461 buses operate entirely within the city limits while the 
remaining routes provide connectivity to the suburban areas. A detailed analysis of these 92 routes 
was carried out to understand the operational characteristics of the existing bus system and the key 
factors that impact their efficiency.  
Table 19 provides a summary of the key indicators used by APSRTC to monitor their 
operational performance. The descriptive statistics explain the current performance of the system 
against each of these indicators. These indicators capture information regarding the bus operations 
and their ridership. However, none of the indicators measure the travel characteristics of bus users 




daily passenger number of 891 and a monthly mileage of 8,864 are indicative of a well-functioning 
bus system when compared with many international bus systems (UITP, 2017). 
Table 19 Descriptive statistics for Bus operations 
Indicator Units Sample  Mean Minimum Maximum 
Standard 
deviation 
Route length Km 92 routes 29.59 9 86 14.594 
Route revenue per km Rupees 92 routes 23.3 15.4 34.6 3.8 
Occupancy Ratio Percentage 92 routes 58.57 36.00 96.00 14.02 
Vehicle-km  
per bus per day 
Km 
92 routes 310 218 420 42 
Passengers per bus  -- 92 routes 31.75 22 49 4.58 
Passengers  
per bus per day 
-- 
461 buses 891 323 1947 329 
Vehicle km  
per bus per month 
Km  
461 buses 8864 3364 12665 1494 
 
5.2.3 Paratransit operations analysis 
The summary of operational characteristics of the 222 paratransit operators interviewed is 
presented in Table 20. Given the limited data from paratransit operators and the dynamic nature of 
their operations, data is analysed at the aggregate level i.e. macro indicators for the entire sample 
interviewed were derived as compared to the disaggregated route level analysis carried out for bus 
operations. The varied response rate for operator interviews and occupancy surveys led to the 





The huge variation between minimum and maximum values of parameters like hours of 
operation and monthly km travelled indicate the uncertainty that exists in paratransit operations. 
Significant variations are also observed in their demand, with the maximum occupancy for some 
of the vehicles reaching 15 during peak hours. Even though the peak occupancy reaches 15, it is 
an outlier since the data had only three instances of 15 passengers per vehicle out of the total 
sample size of 682 vehicles captured in occupancy services. The mean (µ) and standard deviation 
of (σ) occupancy were 4.35 and 2.52 remaining that majority of the vehicles have an occupancy in 
the range of 1.83 (µ-σ) to 6.87 (µ+σ) i.e. 2 to 7 passengers (rounding off to the nearest whole 
number). Hence the maximum occupancy can be seen as an outlier and therefore is not assumed 
to have an impact on efficiency estimation of the system. Visakhapatnam has a mix of paratransit 
vehicles with 50% vehicles having a seating capacity of 3 passengers and the remaining 50% 
having a capacity of 6 passengers. Therefore, an average capacity of 4.5 passengers per vehicle 
was considered as the capacity of the vehicle. As a result, the observed average occupancy of 4.35 
would put these services to be delivering an occupancy ratio as high as 97%.  
Table 20 Descriptive statistics for paratransit operations 













vehicles 4.35 1 15 2.52 
Monthly 
mileage Km  
105 




5.3 Comparison between efficiency of bus and paratransit operations 
The findings from the analysis of bus and paratransit operations was used further to 
compare the relative efficiencies of the two systems. To understand the differences in the 
operational characteristics of buses and paratransit services, their key operational characteristics 
have been aggregated at the city level and presented in Table 21.  
It was observed that buses carry more passengers per vehicle per day by providing assured 
service to the users all through the day. They operate with a service motive to provide assured 
access to mobility throughout the city, with their network coverage extending even to corridors 
where the demand does not make the operation commercially viable. On the other hand paratransit 
operators provide high frequency services during the morning and evening peak hours of the day 
on the high demand corridors of the city. As a result, they have a higher occupancy ratio and 
generate higher revenues even with lesser km of operation. Their smaller size and flexible nature 
of operations allows paratransit operators to quickly change routes according to changing demand 
patterns at various times of day and days of week. 
Table 21 Summary of operational performance of Bus and Paratransit systems 
Indicator Bus Paratransit 
Number of routes 92 Dynamic 
Hours of operation 16 10.4 
Average vehicle capacity (passengers) 56 4.5 
Monthly kms operated 8864 1678 
Average occupancy (passengers) 33 4.35 
Average occupancy (in percentage) 59% 97% 




Revenue/vehicle/ month (in Rupees) 6952 8469 
Network length (in km) 201 91 
Percentage road length covered 32% 15% 
 
The performance efficiency of the two systems was measured using Data Envelopment 
Analysis (DEA), where each bus route was considered as one Decision Making Unit (DMU) while 
for paratransit each vehicle was considered as one DMU since each of them follow their own routes 
within the 18 identified corridors of operation. An input oriented DEA with constant returns to 
scale was applied using MaxDEA, a free Microsoft access based application (Cheng, 2014). Table 
22 presents the descriptive statistics of input and output variables used for their efficiency 
comparision. These variables were selected after matching recommendations from literature 
(Daraio et al., 2016) with the data available in Visakhapatnam. The data for buses is presented as 
an aggregate of the 92 routes, while in the case of paratransit the data covers 141 out of the 222 
operators interviewed who reported all the input and output indicators used for efficiency analysis. 
Input indicators measure the physical characteristics of bus services offered while output 
indicators measure the returns from the services offered, for the society and for the operator. The 
capacity offered by each vehicle and their daily mileage i.e. distance travelled per day, were 
identified as the key input variables to define the services on offer. The daily income/ revenue 
generated and the total passengers carried i.e. ridership achieved by the system are considered as 
the key output variables for the two modes. APSRTC only maintains ridership data in terms of 
daily average Occupancy Ratio (OR) i.e. total passenger kilometres divided by passenger km 
offered. This was converted to the passenger ridership using the vehicle capacity of 45 offered in 




deployed, fuel consumed etc. However, generating the same data for paratransit services is a 
challenging task. Therefore, we adopted variables defining the passenger capacity offered by the 
system as input and variables defining revenue and ridership as the output variables. 
Results of the DEA analysis are summarised in Table 23. The DEA analysis revealed that 
paratransit services have a higher average technical efficiency of 85% i.e. they have the scope to 
reduce their inputs by 15% to produce the same outputs. Buses have a lesser efficiency of 72% 
implying that they can reduce up to 28% of their inputs for the same outputs. Buses also have a 
higher standard deviation indicating more inconsistencies in performance of various routes.  
 
Table 22 Descriptive statistics of input and output variables for DEA 











Bus 92 56 60 45 7.06 
Paratransit 141 4.5 7 4 1.43 
Daily mileage (in 
km) 
Input 
Bus 92 310 420 218 41.81 
Paratransit 141 92 300 10 49.02 
Daily Income (in 
Indian Rupees) 
Output 
Bus 92 6952 11054 4070 1529.88 
Paratransit 141 350 1000 100 147.60 
Daily Ridership (in 
passengers/ day) 
Output 
Bus 92 891 1947 323 329.39 
















Bus 72% 100% 47% 13% 
Paratransit 85% 100% 55% 10% 
5.4 Review of operational planning practices of APSRTC 
The comparision of operational characteristics and performance efficiency of bus and 
paratransit systems has shown that buses currently operate at a lower efficiency compared to 
paratransit. Even though the average bus occupancy of 59% fares well when compared with other 
global bus systems, when compared with average paratransit occupancy of 97% indicates the 
significant scope for improvements within the bus system too. Similarly, buses have 13% lower 
efficiency compared to paratransit, according to the DEA analysis. Therefore, the operational 
planning practices that led to the lower occupancy and efficiency of buses were reviewed to 
identify areas of improvement. A correlation analysis between key output indicators and input 
indicators maintained by APSRTC that best describe the existing bus operations was carried out 
for this purpose.  
Ridership and revenue were considered as the key outputs of the bus system. The ridership 
achieved by the system was available in the form of Occupancy Ratio (OR), based on which the 
ridership numbers for the DEA analysis were derived. However, revenue data was available in 
greater detail i.e. in terms of the overall revenue generated from each route, average revenue 
generated per bus within a route and revenue per km of operations on each route. The route level 
OR and revenue performance act as aggregate performance measures of the system while the 





The input indicators were derived by matching the indicators suggested by (Jarboui et al., 
2012) and (Daraio et al., 2016) with the data maintained by APSRTC. The four input indicators 
available to describe the existing bus operations are: length of each route, number of buses 
operating in each of the routes, the mileage of buses on various routes in terms of total vehicle km 
operated within each route and mileage of each bus in a route which together signify the level of 
activity of services provided in each route. Table 24 presents the results of the correlation analysis 
carried out between these indicators for the 92 city bus routes. The following is a brief 
interpretation of the results for each output indicator: 


















correlation 0.063 0.067 0.087 0.147 




correlation 0.046 0.946** 0.971** 0.252** 




correlation 0.296** 0.054 0.191* 0.668** 




correlation -0.047 0.040 0.021 -0.026 
P-value 0.328 0.354 0.419 0.404 
Sample Size (N) = 92 routes for all indicators 
** Correlation is significant at the 0.01 level (1-tailed). 
* Correlation is significant at the 0.05 level (1-tailed). 
 
Occupancy ratio: It is observed that the route occupancy ratio is not significantly impacted by 
any of the input indicators concerning operations i.e. route length, buses allocated and their daily 





Revenue per route: The three variable showing the total supply provided on a route i.e. number 
of buses available for each route, the overall veh-km operated in the route and the daily veh-km 
operated by each bus show significant correlation with the revenue generated in a route. Increased 
supply leading to increased revenue indicates the availability of latent demand for bus services. At 
the same time, the length of the route isn’t significantly correlated with its revenue.  
 
Revenue per bus: Correlation analysis of revenue for each bus within a route is positively 
correlated with the length of the route on which it operates along with the monthly and daily veh-
km operated. However, it isn’t correlated with the number of buses deployed on the route possibly 
indicating that the revenue of each bus is a function of its own supply performance and isn’t 
dependant on the total bus supply on the route. This again indicates that there’s adequate latent 
demand to travel on buses if they provide more services 
 
Revenue per km: It is observed that this indicator does not show significant correlation with any 
of the input indicators considered.  
The analysis generated interesting insights on the revenue performance of buses in relation 
to various inputs. The results for revenue per route and revenue per bus indicate the availability of 
latent demand willing to use buses if they can provide more service. At the same time a more 
disaggregated analysis to analyse revenue per km of service shows that it isn’t correlated with any 
of the supply indicators suggesting that the net increase in revenue for every km of service can’t 
just be explained by internal efficiency metrics and will require further analysis to understand 




However, all the indicators currently maintained by APSRTC concern the operations of the 
bus system. None of the indicators concerning travel demand characteristics i.e. trip length, travel 
time, hourly demand variation etc. are measured. The lack of correlation of the two output 
indicators measuring operational efficiency in terms of the occupancy ratio and revenue per km 
lead to the conclusion that input indicators just measuring operational characteristics are 
inadequate to explain operational performance. The operators need to include indicators measuring 
travel demand characteristics and user perception towards public transport to plan their operations 
accordingly and thereby attract higher ridership and revenues.  
 
5.5 Summary of findings from user and operator characteristics analysis 
The comparision of user characteristics revealed that most of the socio-economic and travel 
characteristics of city bus and paratransit users are significantly different. Such differences indicate 
that the two modes cater to separate sets of public transport users within the city. Users’ choice 
between the two modes was chiefly influenced by their journey time resulting in a preference for 
the low-occupancy and high frequency paratransit services for shorter trips and buses for longer 
trips, where wait time constitutes a smaller proportions of the trip.  
 
Analysis of the operational characteristics of the two modes revealed that they perform 
varying roles in catering to the city’s travel needs. The city bus system operates with a service 
motive i.e. to maximise access to mobility for the citizens while paratransit operates with a profit 
motive only on high demand corridors and during peak hours. The bus system provides assured 
service for 16 hours every day, has a network reach throughout the city and carries three times 




operational efficiency which can be partly attributed to operating in non-peak hours and their wider 
network. Another key reason for the lower efficiency of buses is that the current operational plans 
of the bus system only monitor the historical performance of various routes and do not consider 
the ever-changing user demand requirements in the city. 
 
On the other hand, the small vehicle size of paratransit enables them to have high percentage 
occupancy and their large numbers enable high frequency services. By being dynamic and demand 
responsive, paratransit performs a key role in augmenting services in corridors with insufficient 
public transport supply. Therefore, the bus system needs to update their operational planning and 
data maintenance practices to consider user demand and perception related attributes in addition 
to the physical performance attributes, to make their services demand responsive thereby 
improving their occupancy and revenue efficiency.  
 
The findings from the analysis of both users’ and operators’ characteristics, indicate the 
varying roles of bus and paratransit systems. Therefore, the city should move towards an integrated 
planning and operations optimisation framework that incorporates users travel demand preferences 
for bus and paratransit services and provides assured bus services which are complemented by the 
flexibility and demand responsiveness of paratransit. Such a system will improve the overall level 





6 Transit assignment and frequency optimisation for Visakhapatnam 
The travel demand, road network and operational characteristics data presented in Chapter 5 
is used to carry out the transit assignment and frequency optimisation analyses. Transit assignment 
is carried out using TransCAD (academic version 6.0), a transportation Geographic Information 
Systems (GIS) software while frequency optimisation was carried out using CPLEX Optimisation 
Studio (academic version 12.7.1), an operations research tool with efficiency optimisation 
modelling and solving capabilities. The overall travel demand model of the city, transit assignment 
and frequency optimisation stages are explained in separate sections below. 
6.1 Developing the travel demand model for Visakhapatnam 
The four stage travel demand modelling methodology proposed by Ortuzar and Willumsen 
(2014) is adopted for developing the travel demand model for the current thesis. Figure 16 Figure 
16 Methodology for developing the Travel Demand Model of Visakhapatnampresents an overview 
of the methodology. TransCAD 6.0, a GIS based travel demand model is developed to replicate 
the road network and travel patterns of the city and to test various travel demand and transit supply 
scenarios. Table 25 summarises the data sources for various input parameters required for the 





Figure 16 Methodology for developing the Travel Demand Model of Visakhapatnam 
 
Table 25 Modelling components and input sources 
Model Component Input Source  
Traffic Analysis Zone Map Derived from Ward Map 
Road Network Derived from Property Tax Data,  
Primary Data collected for road inventory &  
Link speeds and secondary data on road widths 
Trip Production Patterns Household Interview Data 
Trip Attraction Patterns Land Use Data from Master Plan and  




Trip Distribution Trip length distribution patterns from Household Interview 
data to calibrate the Gravity Model 
Base Mode Shares Household Interview Data 
Traffic Assignment Traffic Volume Counts used for network calibration 
 
6.1.1 Traffic Analysis Zones and Road Network Building 
Traffic Analysis Zones (TAZ) and the road network are the basic building blocks of the 
travel demand model. TAZ are the units of disaggregation for trip productions and attractions from 
various parts of the city. TAZs are identified in such a way that the land use type and trip making 
characteristics of all developments in a particular TAZ are assumed to be homogeneous. Trips 
between various TAZs are made using the road network of the city. Hence the road network 
attributes like the likely travel time and capacity of each link are required to replicate the actual 
network of the city.  
TAZs and road network for the municipal limits of Visakhapatnam developed for (iTrans, 
2014a) were used as the input for this thesis. The 72 municipal wards of Visakhapatnam were 
divided into 97 zones, with each zone having homogeneous land use pattern and an average area 
of approximately 1 sq.km. The area, population and land use data of each zone was included in its 
attribute table. The road network including the attributes corresponding to the public transport 
network, as explained in section 4.4 is used for analysis. The TAZ map and road network used for 
the travel demand model are presented in Figure 17. While the travel demand model included the 
entire road network of 625 kms, only 212 km i.e. 34% of the road network has access to the 
combined public transport network in the city comprising of the bus and paratransit system. Within 




120.6 km have access to just the Bus system. Only 2.3 km of the public transport network has 
exclusive access to the paratransit system. Various network attributes required for modelling like 
the link speed, travel time, road widths, effective capacity, availability of public transport were 
built for the above network based on various primary and secondary data sources. This network, 
represented in Figure 18, is used for further four-stage modelling. 
 
 





Figure 18 Road network used for modelling (including connectors) 
6.1.2 Trip Generation 
The trip generation stage of the model involves estimating the number of trips produced and 
attracted to each TAZ. Trip production is commonly estimated based on socio-economic 
characteristics of households within the TAZ while trip attraction depends on its land-use type 
(Gadepalli et al., 2014b, Guevara and Thomas, 2007, Gymmy Joseph Kattor, 2013). Household 
interview data collected for Visakhapatnam was used to estimate the trip productions in each TAZ 
based on the various types of households and their socio-economic characteristics. This was done 
for the trip production data of the 3,021 sample of households interviewed. The following steps 
are followed to estimate the total trips produced in each TAZ: 





ii) Relation between purpose wise trips produced in each household and the socio-economic 
characteristics of the household are observed for the entire data collected.  
iii) Multi-variable cross-classification method is used for trip production estimation 
iv) Total number of households in each TAZ are derived from the property tax database of 
Visakhapatnam 
v) Based on the socio-economic characteristics of the TAZ and the total households, total number 
of trips produced in each TAZ are estimated. 
 
Trip production using Multi-variable Cross-classification Analysis (MCA)  
Cross-classification analysis is used to identify the trip rates of various households for a 
combination of variables that influence trip rates. This modeling procedure leads to greater 
disaggregation than any other trip production models (Guevara and Thomas, 2007, Meng et al., 
2009, Gadepalli et al., 2014a). An MCA table shows the number of daily trips produced per 
household whose characteristics are stratified by a combination of household attributes which are 
most appropriate to describe trip productions. The variables are categorized such that the 
households are divided into a limited set of combinations. The variables identified from the 
literature that were tested for Visakhapatnam are explained below: 
• Household size: This is the most influential variable for trip production. Based on the 
frequency distribution, household(HH)s are categorized into HH sizes <=2, 3,4, 5, >=6 i.e. 
HHs with  size1 or 2 are clubbed into one category and all HHs with size >=6 are clubbed into 
a single category 
• Household Income is the second variable that is observed to affect the trip rates of a 




income data is collected in the HH Interviews estimating income based on the assets owned by 
a household is considered to be a more robust way of estimating income. Based on their assets 
total households have been divided into three categories in increasing order of income: 
o Inc. Category 1-  Low income households: Living in temporary settlements or living 
in tiled roof buildings without the assets mentioned above 
o Inc. Category 2- Medium income households: Living in semi-permanent tiled roof 
households and masonry structures owning either a two-wheeler/ motorcycle or a 
refrigerator or an AC. Households living in concrete structure but without the assets 
mentioned above were also categorised as medium income groups 
o Inc. Category 3- High income households: Living in multi-storeyed apartments or 
concrete structures and owning either at least a Car or the combination of a two-
wheeler/ motorcycle and an Air-Conditioner (AC) 
 
• Motorised vehicle ownership: The share of cycle based trips in Visakhapatnam was only 3% 
of the total trips. Therefore, motorised vehicle ownership i.e. cars and two-wheelers were 
observed to be having a larger influence on trip production. Therefore two categories of 
motorised vehicle ownership were considered for the cross classification analysis i.e. HHs 
owning no motorised vehicles and HHs owning at least one motorised vehicle i.e. either a Car 
or a 2-wheeler. However vehicle ownership can be a dependent on the income of the household  
 
Various combinations of these variables are considered for various trip purposes and the trip rate 






Figure 19 Cross-Classification Trip rate charts for combination of three variables 
 






Figure 21 Cross-Classification Trip rate charts for combination of one variable 
 
The cross-classification analysis for two and three variables did not show any clear trend in trip 
rates. Therefore, HH Size was identified as the only variable having significant influence on trip 
rates. Therefore this variable was used to estimate the trips produced in each TAZ based on the 
average HH Size observed in the TAZ. Table 26 presents the trip rates adopted for various 
Household sizes.  
Table 26 Trip rate table used for Trip Production 
HH Size Work Trips/HH Education Trips/ HH Other Trips/HH Total Trips/ HH 
<=2 1.58 0.09 1.64 3.31 




4 2.33 1.63 1.76 5.71 
5 2.59 2.46 1.81 6.85 
>=6 3.09 2.68 2.18 7.95 
Average 2.53 1.97 1.91 6.41 
 
The total number of households in each TAZ was derived by extrapolating the trip rates 
derived for the sample households in each TAZ to its total number of households by overlaying 
the property tax GIS layer with the TAZ layer.  It was already presented in Table 11 that the 
Household (HH) size of each TAZ derived from the survey was representative of the actual HH 
Size of the city. Therefore, the trip rate is derived from its average HH Size and the total trips 
produced are derived by multiplying trip rate with the number of households  
 
Trip Attraction using land use characteristics 
Trip attractions to each TAZ were estimated based on the attractiveness of a zone measured 
as a function of its land-use type. For example residential land uses produce trips while 
commercial, institutional and industrial areas typically attract trips (Ortúzar and Willumsen, 2011, 
Gymmy Joseph Kattor, 2013, Pretina George, 2013). Hence the existing land use mix is considered 
as the critical variable in determining the trips attracted to each TAZ. Land use data at the city 
level is provided by the Master plan of the city, but they are only indicative as the land use 
allocation in the master plan and the actual usage of land use is observed to be varying widely in 





The property tax data of Visakhapatnam has building wise land use type and its plinth area. 
Types of land use in the buildings include: Residential, Commercial, Educational, Industrial, 
Public Use, Shops, Hospital, Cinema/Pub Entertainment, Others. Except residential, all other land 
use types attract trips. Hence, the total plinth area of each type of attracting land uses is calculated 
and is used as a measure of attractiveness of the TAZ. Figure 22 shows the spread of buildings of 
various land use types across the city. 
 






Multi-linear regression is the most used method in literature to estimate trip attraction rates. 
Washington and Wolf (1997) compared linear regression models with hierarchical tree-based 
models to conclude that results from a regression based approach are easier to interpret compared 
to hierarchical models where omitted variables and outliers are harder to deal with. (Zenina and 
Borisov, 2013) also present the validity of regression models in explaining trip production and 
attraction behaviour. Applicability of regression models to predict trip attraction behaviour for 
various contexts and input data sets are also presented in literature (Badoe and Chen, 2004, Itoh 
and HATO, 2013, Zin et al., 2018).  
Therefore, the current study adopted a land-use type based prediction for trip attractions using 
multi-linear regression. Purpose wise trips attracted to each zone from the household interviews is 
used as the dependent variable and the total plinth area of land use types are used as the 
independent variables and multiple linear regression is used to observed the relation between the 
trips attracted, derived from the sample trips from household survey and the land uses of the TAZ. 
The regression equations derived for each trip purpose trips as a function of land use are given 
below. Equation 15 provides the equation derived for work trips and the corresponding regression 
statistics are presented in Table 27. Equation 16 provides the equation for education trips, with the 
regression statistics presented in Table 28. The other trips’ regression is presented in Equation 17 
while Table 29 presents its regression statistics. 
• Work Attraction: 
WorkAttr= 15.97+0.003*Commercial+0.005*Industrial                         15 







Table 27 Regression Statistics for Work Attraction 
Dependent variables 





t-value tcritical Sig. B Std. Error Beta 
(Constant) 15.973 10.474  1.525 1.96 0.134 
Commercial 0.003 0.000 0.435 5.635 1.96 0.000 
Industrial 0.005 0.001 0.564 7.300 1.96 0.000 
 
Education Attraction: 
EduAttr=-0.628+0.005* Commercial +0.001*Educational                          16 
(Coefficient of Determination (R2) = 0.98, Standard error = 65.34) 
Table 28 Regression Statistics for Education Attraction 
Dependent variables 




t-value tcritical Sig. B Std. Error Beta 
(Constant) -0.628 8.216  -0.076 1.96 0.939 
Commercial 0.005 0.000 0.982 41.809 1.96 0.000 
Educational 0.001 0.000 0.055 0.976 1.96 0.357 
 
Other Trips Attraction: 
OthAttr =31.882+0.001* Commercial                                                17 













t-value tcritical Sig. B Std. Error Beta 
(Constant) 31.882 4.605  6.923 1.96 0.000 
Commercial 0.001 0.000 0.350 2.989 1.96 0.004 
 
The number of trips attracted to each zone was calculated using the equations. However, this only 
derived the number of trips at the scale of the sample size of data and hence these attractions were 
used as the relative attractiveness of each zone. The total attractions to each zone were estimated 
using ‘Production-Attraction (PA)’ balancing technique available in TransCAD. It proportionally 
scales up attractions in each zone in proportion to their attractiveness, such that the total attractions 
of all the zones are equal to the total trips produced across all the zones, segregated by trip purpose.  
 
Peak hour trip productions and attractions  
The productions and attractions presented above give the daily trip generation patterns across trip 
purpose categories. The transit assignment and frequency optimisation for the current thesis were 
carried out for the peak hour to determine the maximum fleet requirement in the city. Therefore, 
the travel demand model was carried out for peak hour demand. Therefore, the household survey 
data was used to derive hourly variation of trip making behavior across trip purposes. Table 30 
shows the hourly variation of various trip purposes, derived from the household surveys. 8:00 AM 
to 9:00 AM was identified as the peak hour for the city across trip purposes. This was also validated 




taken as the peak hour for the demand model. Therefore, the trip productions and attractions were 
derived based on the hourly variation of the trips of each purpose. 
Table 30 Hourly variation of trips for each purpose 
Time of Day Trip Purpose 
From To Work Education Others Average 
4:00 5:00 1% 1% 0% 1% 
5:00 6:00 2% 3% 1% 2% 
6:00 7:00 4% 4% 3% 6% 
7:00 8:00 5% 11% 10% 8% 
8:00 9:00 19% 30% 25% 22% 
9:00 10:00 16% 12% 10% 12% 
10:00 11:00 6% 3% 3% 6% 
11:00 12:00 2% 1% 2% 3% 
12:00 13:00 2% 1% 0% 2% 
13:00 14:00 2% 1% 2% 2% 
14:00 15:00 3% 2% 1% 2% 
15:00 16:00 2% 2% 3% 2% 
16:00 17:00 9% 11% 9% 9% 
17:00 18:00 10% 9% 15% 9% 
18:00 19:00 8% 5% 4% 6% 
19:00 20:00 4% 3% 3% 3% 
20:00 21:00 3% 1% 5% 2% 




22:00 23:00 1% 0% 1% 1% 
Grand Total 100% 100% 100% 100% 
Source: (iTrans, 2014a) 
6.1.3 Mode split of trips 
The purpose wise trips derived from the peak hour were later aggregated to derive the total trips 
made during the peak hour. This was further disaggregated into mode wise trips based on the 
modal shares reported in each TAZ during the household surveys. One of the features of the four-
stage demand modelling process is that a TAZ is represented by its centroid i.e. an imaginary point 
of origin and destination of all trips starting or ending in a ward. As a result, the model considers 
all trips made within a zone as zero and models only the inter-zonal trips. Hence, the proportion 
of intra-zonal trips in each TAZ are calculated from the HH Interview data and these trips are 
excluded from the demand modelling process. While this showed a significant impact on walk and 
bicycle trips, the impact on bus and paratransit modelling was negligible since most of them were 
inter-zonal trips.  
6.1.4 Trip distribution 
The mode-wise trip productions and attractions of each TAZ were used as the input for trip 
distribution. Trip distribution is used to derive the Origin-Destination (OD) matrix for each mode 
from the PA table. Gravity Method is applied for trip distribution using the following steps: 
Gravity Application 
• Gravity application derives OD matrices with the assumption that number of origins and 
destinations between wards is directly proportional to the productions in the originating 




Impedance is a measure of the disincentive to travel between two wards. For eg. travel 
time, trip length, cost of trip etc.  
• The speed and travel time for each link were defined separately for each mode. These 
speeds are based on the mode-wise speeds observed on various links, from the speed-delay 
survey  
• In this step, Production-Attraction (PA) tables of each mode were considered separately 
and the Gravity method is applied for each of them 
• Travel times between TAZs was used as the key impedance for users and therefore skims 
i.e. matrixes with congested travel times between various TAZs were generated for each 
mode according to their speeds. The congested travel times were derived from LCMP.  
• Using the PA table and travel time skim for each mode, separate OD matrices are derived 
for each mode 
Gravity Calibration 
• The above gravity application considered inverse power function as the distribution for the 
impedance function using its default parameters 
 
• However, the trip time distribution of various modes varies and hence the distribution from 
gravity application were calibrated based on mode-wise distributions from the household 
survey data  
• The parameters of the inverse-power function are calibrated in such a way that the gravity 




Table 31 shows the table including calibrated values of the inverse power function for various 
modes. Using these updated values for the inverse power function and the mode-wise PA tables 
and travel time skims, the calibrated OD matrix for each mode is derived.  
Table 31 Calibrated values for Trip distribution Impedance 
Mode Default α Calibrated α Root Mean Square Error (RMSE) 
Car -0.45 -0.420 7.50% 
Two-wheeler -0.45 -0.460 5.90% 
Bus -0.45 -0.350 2.70% 
Paratransit (Three-wheeler) -0.45 -0.470 1.40% 
Bicycle -0.45 -0.520 13.70% 
 
6.1.5 Traffic Assignment  
The Trip distribution output gives the OD matrix of person trips originating within the city. These 
person trips were converted to vehicle trips based on the average occupancy observed in each mode 
from the occupancy survey carried out in the city, as presented in Table 32. Traffic assignment 
will require two key inputs: 
i) Network: Initially trips of all modes were assigned to road network. 
ii) Travel demand: The total travel demand including Origin Destination (OD) matrices 








Table 32 Mode-Wise Average Occupancy 






Source: Occupancy Surveys, LCMP Visakhapatnam (iTrans, 2014a) 
 
The trip generation and OD matrices derived until now were from ODs mentioned in the 
household surveys i.e. for home bound trips. However, cities also have many trips which do not 
originate from households i.e. trips entering the city through inter-city travel, between commercial 
areas and other work, recreational trips etc. Therefore, OD surveys were conducted at various key 
locations in the city and the sample data from these surveys were scaled up based on the traffic 
volume counts at those locations. Figure 24 shows the 19 locations of traffic volume counts in the 
city to measure the actual traffic volume at various locations. More locations are covered in the 





Figure 23 Volume Count locations for OD matrix estimation 
 
The OD matrices from these surveys are added to the OD from trip distribution to develop 
the overall OD matrix of the city. The mode-wise calibrated OD matrices derived from the above 
step are assigned on to the road network using User Equilibrium method in TransCAD which 
assumes that each user selects the route that gives the shortest travel time to him. The travel time 
used is the congested ravel time calculated as a function of free flow travel time on the link, its 







Default values of the software for α and β i.e. 0.15 and 4 are used for the model. These α 
and β values were continued as default, since the network has already taken congestion travel time 
in the previous stages i.e. the impedance matrix. Since the travel time skim matrix is already taking 
mode-wise speeds based on survey data, the BPR function has not been changed from default 
parameters.   
 
OD matrix estimation 
The link flows observed from traffic assignment are compared with the actual traffic flows 
observed from traffic volume counts conducted at 20 intersections across the city. This translates 
to 76 mid-blocks, considering each intersection has 3/4/5 arms. It was observed that the link flows 
from traffic assignment varied from the traffic volume counts. Some missing links in the road 
network are identified through this procedure. However, the larger contributing factor to this error 
is the OD matrix derived from trip distribution. OD matrix had to be re-calibrated for it to match 
the traffic volume counts. For this, an iterative process available in TransCAD called, the OD 





OD matrix estimation procedure considers the observed traffic volume counts and updates 
the OD matrix based on them. It takes each location separately and updates the OD matrix 
iteratively until the assignment from the revised/ calibrate OD matrix matches the traffic volume 
counts at all locations, within a permissible degree of error. Using this method, the final calibrated 
OD matrix and the calibrated traffic flows at all locations of the city are derived. Figure 25 gives 
the details of the iterative accuracy achieved through OD Matrix estimation. The calibrated 
network flows after OD matrix estimation are shown in Figure 25.  
 

















































Figure 25 Output of traffic assignment in TransCAD 
 
With this step the base year travel demand model is calibrated and can be used for further analysis. 
The following table gives the key statistics for the calibrated model.  
6.1.6 Key statistics from the travel demand model 
In summary, the following are the key statistics for the calibrated base year model: 
Population of the city, 2011  : 17,30,328 
Total City Area   : 534 sq. km. 
Built-up area    : 166 sq. km. 
Average Household size  : 4.0 




Peak hour    : 8-9 AM 
Peak Hour Factor (person trips) : 22% 
Total road length   : 3,470 km 
Length of Arterial+ Sub-arterials  : 430 km 
Mode wise statistics are shown in Table 33. 
 
Table 33 Mode-wise summary of base year model 
Mode wise details Mode 
Share 
(%) 
Trips/mode Average trip 
length (in km) 
Vehicle kms –Peak 
hour 
Car 2 55,716 9.6                5,34,876  
2-Wheeler 15 4,17,872 5.7            23,81,872  
Bus 18 5,01,447 10.5            52,65,190  
3-Wheeler 9 250,723 5.0            12,53,617  
Walk 52 14,76,482 0.7            10,33,537  
Cycle 3 83,574 3.1                2,59,081  









6.2 Transit Assignment 
The travel demand model, including traffic assignment and OD matrix estimation presented in 
section 6.1 was carried out to develop the entire travel demand model for Visakhapatnam. This 
model was calibrated using the traffic volume counts carried out at various locations in the city. 
This model was used as the base to develop the transit assignment model required for frequency 
optimisation. Separate assignment and calibration was carried out for bus, paratransit and the 
combined transit scenarios so that the passenger flow outputs can be used as input to frequency 
optimisation such that their results can be compared across separate and combined assignment 
scenarios. Figure 26 and Table 34 present a summary of network and travel demand characteristics 
which were used as the input to the model. 
 
 




Table 34 Transit demand inputs to Visakhapatnam travel demand model 
Parameter Bus  Paratransit  Total  
Population of the City        17,30,320  
Modal share of public transport 18% 9% 27% 
Average trip length (in km) 10.81 5.62 9.05 
Per-Capita Trip Rate (PCTR) 0.29 0.14 1.61 
Passenger Car Units (PCU)* 3 1  
Particulate matter (PM 2.5) emission factor  0.506 0.109  
Total daily trips  4,98,049 2,64,444 27,85,815 
Peak hour trips (8-9 AM) 1,33,192 81,961 2,15,153 
Excusive network length  for each mode( in km) 120.6 2.3  
Network length with both Bus and paratransit (in km) 89  
Total network length (in km) 209.6 91.3 211.9 
Total city road network length (in km)  624.6 
*Source:(IRC, 1994a) 
6.2.1 Transit assignment and network calibration 
The following steps were followed to carry out the transit assignment for public transport i.e. bus 
and paratransit services in Visakhapatnam: 
• The calibrated road network from the travel demand model was considered as the input 
• The 212 km out of the 624 km of road network which has access to either bus or paratransit 
users were marked as public transport network, while the rest of the network is marked as 
access and egress links to the system 
• Including separate bus and paratransit network attributes was needed because some links have 




system. For eg. Within the public transport network, if a certain link only has bus routes passing 
through it, it will have capacity and travel time attributes according to bus system for bus 
assignment, as access and egress links for paratransit assignment and public transport attributes 
for the combined transit assignment  
• The link speeds and travel times were derived from the secondary data available from LCMP, 
Visakhapatnam. The capacity of the bus system on its network was derived using secondary 
data from APSRTC, the bus operator while the paratransit capacity was derived based on 
LCMP data using the maximum observed paratransit traffic volumes along various corridors 
• Within the public transport network, bus links, paratransit links and links that have both bus 
and paratransit were added to the road network were identified. Their network attributes like 
availability of bus and paratransit on the link, capacity, speed and travel time for either or both 
modes have been adopted accordingly 
• Separate bus, paratransit and total transit travel time matrices were derived based on their 
network attributes 
• Bus, paratransit and total transit assignments were carried out using user equilibrium method. 
Their travel time matrices were used as the impedances for network assignment. Travel cost 
isn’t taken within the impedance function as it wasn’t a significant variable in the binary logit 
model  
• The OD Matrix Estimation (ODME) procedure explained in section 6.1 was applied to 
calibrate the bus, paratransit and total transit network attributes separately. These networks 
were calibrated in 168, 178 and 136 iterations respectively, the summary of which is presented 




The outputs of the calibrated network’s transit assignments were link wise transit flows for bus, 




Figure 27 Model performance for bus network calibration 
 





































































































































Figure 29 Model performance for public transport network calibration 
 
6.3 Frequency optimisation  
The city bus services of Visakhapatnam connect various interior and suburban parts of the city 
with its Central Business District (CBD). On the other hand, paratransit operators organize 
themselves around 18 high-demand corridors in the connecting various high demand nodes in the 
city. Intra city buses in Visakhapatnam operate along 92 intra-city routes, as explained above. 
These were further condensed to 83 routes for the sake of analysis This was because some routes 
had similar alignment but have different routes names according to the depot to which they were 
attached. Therefore, such reduction in routes will only reduce the number of variables for analysis, 
but will not impact the travel demand or network aspects. 
APSRTC reviews and updates its route frequencies on a monthly basis while in case of 
paratransit, each vehicle operates on its own without any central planning system. The paratransit 
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various routes based on the users’ travel needs. Due to lack of any co-ordination between the two 
systems in planning their routes and frequencies, they often compete for ridership on high demand 
corridors rather than complimenting each other to increase overall public transport service in the 
city. Hence, the transit assignment based frequency optimisation approach explained in Chapter 3 
was applied to identify the optimal frequencies of the systems to meet the overall public transport 
demand in the city while minimising their total operational costs. This can further help each of the 
systems in re-organising their services such that they complement each other. Therefore, the 
Integer Linear Programming (ILP) based frequency optimisation methodology explain in Section 
3.4 was applied for the transit network of Visakhapatnam. 
6.3.1 Mathematical Modelling using CPLEX 
The results of transit assignment for the calibrated network presented in the previous 
section were used as the input for frequency optimisation. Transit flows for the peak hour of the 
day i.e. 8-9 AM were used to determine the maximum bus and paratransit fleet required for the 
public transport demand in the city. IBM ILOG CPLEX (academic version 12.7.1), a commercial 
solver for integer programming problems, is applied for the analysis. Parameters like link wise 
traffic flow, travel time on each link and vehicle capacity are exported from TransCAD to excel 
and used as input to CPLEX. The frequency optimisation model explained in section 3.4 was coded 
in CPLEX such that it can take the link-wise transit flows and convert them to route-wise demand 
using the iterative process explained for the illustrative example in section 3.5. Inputs like cost of 
operations and layover time were derived from secondary data from the bus and paratransit 
operators. Table 35 summarises the inputs used for the frequency optimisation model. CPLEX 





Table 35 Inputs to frequency optimisation of bus and paratransit fleets 
Inputs to frequency 
optimisation 
Data/ Source 
Link Flow Transit assignment model/ TransCAD 
Link Speed Transit assignment model/ TransCAD 
Link Travel time Transit assignment model/ TransCAD 
Vehicle capacity 60 passengers/ bus and 5 passengers/ three wheeled auto-
rickshaw (paratransit) 
Route length Secondary data & Link Vs route mapping 
Operational cost/km  20 Indian Rupees (INR)/km for Bus and  3 INR/km for 
paratransit (secondary data) 
Layover time 5 min for both bus and paratransit 
Passenger Car Units (PCU) 3 for Bus and 1 for paratransit 
PM2.5 emission factor 
(gm/km) 
 0.571 gm/km for bus and 0.109 gm/km for paratransit 
(Emissions, 2018) 
 
Validation of the frequency optimisation model using base bus frequencies 
The route wise frequencies and the vehicle fleets required to provide these services were 
derived for both Bus and paratransit systems. In order to validate the CPLEX model, the problem 
is initially solved by deriving the fleet requirements for the existing bus trips and paratransit trips 
separately. Given that both the services currently operate independently and are catered by their 
existing bus fleets, the output from the optimisation exercise was matched with their existing 




observed that the output from the optimisation exercise matched with the real-world bus and 
paratransit operations at a load-factor of 2 i.e. the buses and paratransit systems are currently 
operating at twice their desired capacity during the peak hour. This observation also matched with 
the secondary data on vehicular occupancy reported by LCMP 2014. Therefore, the CPLEX model 
for frequency optimisation was validated.  
 
6.4 Public transport demand and supply scenario analysis  
The validated bi-level model was then used to analyse alternative scenarios of public 
transport demand and supply in the city as explained in section 3.5. Various travel demand and 
public transport supply scenarios have been analysed in comparision to the existing scenario to 
quantify the relative impact of moving towards integrated planning and operation of bus and 
paratransit systems. The definitions of various input and output variables of the scenario analysis 
are explained in sections 3.4 and 3.5. 
 
Scenario 1: Integrated planning scenario: Combined transit assignment and optimisation 
Scenario 1 analysed the impact of bus and paratransit services operating as an integrated services 
i.e. their frequencies being assigned as a combined service rather than the current scenario where 
they operate as two parallel services. To test this scenario, the Origin-Destination (OD) matrices 
of bus and paratransit users were combined to derive the total public transport OD. This OD was 
given as the input for transit assignment in TransCAD. The transit network input in TransCAD 
was modified as a total of 101 routes combining 83 bus routes and 18 paratransit routes. The bi-
level transit assignment and frequency optimisation as proposed in section 3.4 and demonstrated 




OD and network characteristics to derive the link wise travel demand. This demand was further 
split across the bus and paratransit routes on each link to derive their optimal frequencies in 
CPLEX. The optimal frequencies were used to arrive at the system costs for operators, travel time 
implications for users along with the road space requirements and emission implications as 
explained in section 3.4.  
 
It was observed that planning for integrated frequencies across bus and paratransit can result in a 
marginal decrease in bus fleet needs but a significant reduction in paratransit needs to serve the 
overall public transport demand. Therefore, such a scenario is likely to result in 23% lesser 
operational cost and 70% lesser travel time compared to the current scenario. It is also likely to 
result in a 47% reduction in road space needs and 53% reduction in PM2.5 emissions from public 
transport.  
 
Scenario 2: Demand shift scenarios: Increasing bus share of transit demand  
The user characteristics analysis presented in section 5.1.3 established user preference for 
paratransit systems for shorter trips while the buses are preferred for the longer trips. However, 
limited availability of bus systems in many parts of the city competing with high frequency 
paratransit services led to users’ choosing paratransit services even for trips longer than 5 km. We 
tested for scenarios where the bus services improve and users choose them for longer trips in 
incremental shifts of 20% in each scenario i.e. shifts of 20%, 40%, 60%, 80% and 100% of 
paratransit trips longer than 5 km shifting to buses. The OD matrices were derived for each of the 
scenarios and were assigned to the combined transit network proposed in scenario 1. The bi-level 




impacts on operational cost, user travel time, road space needs and emission implications for the 
city as explained previously.  
 
It was observed that increased bus share of public transport in longer trips will have a positive 
impact on the city with a likely reduction of up to 36% in road space requirements and 29% 
emissions from public transport in a 100% shift scenario. The total travel time incurred by users is 
likely to be similar across demand shift scenarios. The total cost of operations of public transport 
have also reduced with increasing bus shares. However, the cost of operations of the bus system 
have increased due to the increased bus fleet requirements to cater to the demand. The analysis 
shows that achieving the road space and emission benefits of increased bus usage will require the 
city to increase its investments in public transport to support their increased operational expenses.  
 
Scenario 3: Supply shift scenarios: Trunk and feeder system for bus and paratransit  
The current scenario tests alternative public transport supply scenarios. The comparative analysis 
of bus and paratransit analysis presented in section 5.2 highlights how paratransit operations are 
currently focussed in the high demand areas of the city while bus services have a larger network 
coverage offering services across the city. Through this scenario we tested the impact of role 
reversal for bus and paratransit service i.e. buses operating exclusively on short but high demand 
routes, while paratransit operates as a feeder service operating across the city. Additionally, the 
impact of providing only one of bus or paratransit services throughout the existing public transport 
network to cater to the total transit demand in the city were tested in this scenario. It is to be noted 




private modes has not been modelled as a part of this study. The following are the key findings of 
the supply shift scenario analysis: 
• Bus as trunk and paratransit as feeder: The scenario of buses operating as a trunk service 
with paratransit being the feeder mode is likely to result in 32% reduction in road space 
requirements and 23% reduction in emissions compared to the base case scenario, for the peak 
hour scenario modelled for the current study. The operational characteristics analysis of 
paratransit presented in Chapter 5 shows that paratransit operators only operate an average of 
10 hours a day i.e. during the morning and evening peak hours compared to 16 hours of service 
provided by buses. Therefore, in spite of the benefits offered during peak hours, it may not be 
recommended to restrict buses only to the high demand corridors, thereby negating public 
transport services to many areas during off peak hours 
• Bus only scenario: A bus only public transport system is likely to achieve an 70% reduction 
in road space requirements of transit, 54% reduction in its emissions and 83% reduction in 
total cost of public transport operation compared to the current system of a mix of bus and 
paratransit services. However, the cost of operations for the public bus operator will increase 
significantly compared to the existing scenario. Additionally, realising the level of bus service 
supply needed in this scenario will require significant additional capital investment in bus fleet 
augmentation and its support infrastructure needs. The scenario will also add significantly to 
the users’ travel time since buses will involve longer access and egress times compared to 
paratransit services. 
• Paratransit only scenario: A paratransit only network will result in the opposite result to the 




cost of operations by 94%. However, this scenario will result in significant travel time benefit 
to the users due to the high frequency services offered by paratransit 
 
Scenario 4: Mass transit scenario: Bus Rapid Transit (BRT) along high demand corridors 
The likely impact of providing mass transit in the form of a Bus Rapid Transit (BRT) along 80 km 
of the 210 km bus route network was modelled. Such a system would reserve an exclusive lane for 
bus operations, thereby increasing bus speed on the corridor by 25%. An open BRT system that 
allows the existing bus routes to enter and leave the corridors at various points was modelled. An 
integrated public transport demand OD matrix was used for transit assignment and frequency 
optimisation for this network. It was observed that such a system will attract a higher share of bus 
ridership within the overall public transport trips, thereby reducing the total road space 
requirements by 30% while also reducing operational cost by 24% by shortening the round trip 
time of buses. The total travel time of users is likely to decrease by 81% compared to the current 
scenario. The total travel time of users is likely to increase due to the increased wait times 
associated with bus trips. Achieving such a scenario will also require significant investments from 
the city Government towards creating the BRT infrastructure. However, the bus fleet required and 
the operational cost to cater to the increased demand is lesser because of the reduced round trip 
time of buses along the bus priority corridors. Cities can carry out similar analysis to analyse the 
payback period of creating BRT infrastructure. 
 
Figure 30 to Figure 35 present the various results obtained in through the scenario analysis. Figure 
30 presents the sum of route-wise bus frequencies and the fleet needed to meet these frequencies 




paratransit frequencies and their fleet needed to meet these frequencies. Figure 32 presents the 
total vehicle hours of travel time spent by users in each of the scenarios tested while Figure 33 
presents the cost of operations of bus and paratransit services in these scenarios. Finally Figure 34 
and Figure 35 provide the impacts on the society i.e. road space requirement and PM emissions of 
the combined operation of buses and paratransit services. Table 36 summarises the results from 
the integrated optimisation scenarios and its comparision with the total of separate bus and 
paratransit optimisation. 
6.5 Summary of transit assignment and frequency optimisation analysis 
This chapter presented a framework for integrated planning of formal transit and informal 
paratransit services and demonstrated it for the case city of Visakhapatnam. The details of the 
travel demand modelling, transit assignment and frequency optimisation were presented in the 
previous sections. The following are the key findings from the analysis: 
• The bi-level transit assignment and optimisation framework developed through this thesis, 
quantifies the benefits of integrated planning of city bus and paratransit systems. For a given 
transit demand, it presents a method of determining the optimal route level frequency and fleet 
requirements, travel time impact on users, cost to operators and impact on city in terms of road 
space requirements and particulate matter (PM 2.5) emissions  
• Four alternative demand and supply scenarios have been tested using the bi-level framework. 
Based on the results of these four scenarios, it can be concluded that increasing the bus share 
of public transport is likely to derive more benefits for the city by reducing the road space 
requirements and emission implications of the public transport system. However, it is also 




• Choosing between either of the two modes isn’t recommended because they offer different 
benefits to the users i.e. paratransit provides demand responsive and high frequency services 
during peak hours while buses provide assured services throughout the day 
 
Therefore, cities should continue operating both formal public transport and paratransit systems 
and retain the benefits they offer. The ideal mix between the modes in a city can be determined 
dynamically for changing travel demand using the proposed framework, thereby balancing the 
users’ and operators’ priorities, while also minimising their road space requirements and emission 
implications.  
  


































Long paratransit trips shift to bus
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Figure 31 Sum of route-wise paratransit frequency and fleet requirements across scenarios 
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Figure 33 Total cost of operations of bus and paratransit operations across scenarios 
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Table 36 Summary of results from scenario analysis 







Scenario 2: Demand shift scenarios- longer 






optimisation 20% shift 40% shift 60% shift 80% shift 100% shift 
Bus, 
paratransit  




requirements 475 430 493 521 545 588 610 654 802 0 442 
Bus fleet requirements 673 612 695 735 771 826 854 308 839 1 612 
Paratransit frequency 
requirements 6621 4382 5918 5232 4605 3953 3345 3557 0 9540 4230 
Paratransit fleet 
requirements 3803 1641 3397 2996 2636 2266 1924 5075 0 9724 1457 
Cost of operations       3,48,232  
              
2,68,378  3,39,688  3,36,133  3,32,569  3,34,604  3,31,158  3,36,064  59,084  6,76,034  
         
2,65,630  
Vehicle hours of travel 
time 1.07E+09 4.23E+08 4.18E+08 4.19E+08 4.19E+08 4.16E+08 4.19E+08 2.78E+08 6.82E+08 1.22E+07 2.01E+08 
Road space requirements 
(PCU-km in peak hour)       2,94,015  
              
1,58,507  
          
2,69,941  
              
2,47,629  
          
2,27,102  
          
2,07,587  
          
1,87,408  
                                    
2,00,246  87,542  
               
3,47,098  
         
2,05,789  
Particulate matter 
emissions (PM 2.5)           36,231  
                 
17,277  
             
33,764  
                 
31,580  
             
29,553  
             
27,802  
             
25,797  
                                        
27,734  16,662  
                   
37,884  






7 Conclusions and Recommendations 
This thesis presents a framework for integrated planning of public transport systems in 
developing countries like India, which comprise of a mix of formal transit systems like metro / bus 
systems and informal shared transport systems like three-wheeled auto-rickshaws, minibuses etc.-
popularly known as paratransit or Intermediate Public Transport (IPT) systems. The paratransit 
services which provide route/ corridor based services similar to formal public transport were 
analysed while the point to point taxi like services were beyond the scope of this thesis. The formal 
transit systems currently plan for their own services and without integration with paratransit 
systems. As a result, paratransit typically operates as independent service competing with public 
transport for ridership rather than complementing it. Majority of the limited literature available on 
the topic emphasises on designing paratransit as a feeder service to main-haul public transport 
systems. However, such arrangements haven’t worked in practice due to the inconvenience caused 
to both users and operators. Users need more transfers to shift from feeder to main-haul transit 
while paratransit operators are pushed to feeder services which have lesser demand compared to 
the trunk corridors. Additionally, the paratransit systems in India and other developing countries 
are in existence for many years, older than formal transit systems in many cases. Realigning their 
routes can be disruptive to the city’s mobility patterns. Therefore, a tactical planning approach 
where the existing formal transit and paratransit services are integrated through a frequency 
optimisation approach is identified to be more appropriate. Such an approach would ensure 
retaining the demand responsive nature of paratransit services while complementing the fixed 




A comprehensive planning framework was developed to understand the relative 
characteristics of formal and informal systems. This included user and operator characteristics of 
the two systems providing parallel services in the same city, even though with limited integration. 
The outputs from this analysis were used as inputs to the bi-level transit assignment and frequency 
optimisation model which carries out integrated transit assignment of bus and paratransit trips in 
the lower level and optimises the frequencies of these services on each route such that the overall 
cost of providing these services is minimised. The outputs from the bi-level model were then used 
to analyse and quantify the impact of altering the mix of formal and informal transit systems in a 
city. The model was applied for the case of Visakhapatnam, a medium sized Indian city with 2 
million inhabitants and was used to test four alternative public transport scenarios for the city. 
Various demand and supply mixes for bus and paratransit services were analysed to quantify their 
impact on the users, operators and their overall impact on the city. The key conclusions from the 
research and recommendations for building on this in the future are explained below.   
7.1 Findings from the user characteristics’ analysis 
The thesis presented a comprehensive framework to understand public transport user 
behaviour in the context of cities in developing countries which are served by both formal public 
transport systems and informal paratransit systems. The methodology for data collection and 
analysis of public transport user characteristics and their mode-choice behaviour in such contexts 
is presented. Home-based interview surveys, which were identified as the best method to develop 
the activity diaries of transit users across modes, were carried out for the city of Visakhapatnam, 
India. The detailed profile of user characteristics of the two public transport modes in the city i.e. 
the formal city bus system and the informal shared auto-rickshaw services that provide paratransit 




A comparative analysis of their characteristics revealed that most of the socio-economic 
and travel characteristics of city bus and paratransit users were significantly different. Such 
differences indicate that the two modes cater to separate sets of public transport users within the 
city. Therefore, cities should recognise the key role played by paratransit in providing shared 
services to users. For e.g. in case of Visakhapatnam, citizens from the lower-income groups, 
female passengers, those having shorter trip lengths, access and egress times have a higher 
preference for the paratransit services currently. 
A binary logistic regression analysis was carried out to understand the trend and intensity 
of the role of various socio-economic and travel variables in determining the users’ mode-choice. 
While most of the user characteristics are different for bus and paratransit, not all variables showed 
significant correlation in impacting their mode choice. Socio-economic variables like gender, 
income and to a lesser extent-age were observed to have a correlation with mode choice. All the 
travel time components i.e. access and egress time, waiting time and in-vehicle time have a 
significant correlation towards mode-choice. Within travel time, wait time at the stops is observed 
to be more the component with most significance followed by access time and in-vehicle time. 
Paratransit was observed to be the preferred mode for short trips due to their high frequency 
services while bus was preferred for longer trips and trips where higher waiting times were 
acceptable.   
The analysis indicates that the overall public transport mode share in the city can be 
maximized by minimising waiting time for users through operating the two modes such that they 
provide complimentary services catering to their specific set of users. This will require moving 
away from the current practice of competing for ridership by operating similar service. Therefore, 




services are optimized for longer and high wait time trips while paratransit continues to provide 
high frequency services for the shorter trips.  
7.2 Findings from the operators characteristics’ analysis 
Formal systems like city buses are planned and managed by a designated agency while 
paratransit systems are privately operated and not recognised by the Government as a formal mode 
of shared services. While majority of the literature covers policy, regulatory and institutional 
measures to integrate these two services, the understanding of their relative operational 
characteristics is limited. The current thesis addresses this gap in literature by presenting the 
operational characteristics and efficiency comparision of the formal bus and paratransit systems in 
the city of Visakhapatnam. A Data Envelopment Analysis (DEA) based approach was adopted for 
the first time to measure the operational efficiency of the two systems. Vehicle capacity and daily 
mileage were considered as the input variables while ridership and revenue were considered as the 
outputs.  Paratransit was observed to have a higher efficiency compared to buses, probably because 
of their demand responsive operations. 
It was also observed that while these two systems provide shared mobility services, they 
perform varying roles in catering to the city’s travel needs. The city bus system operates with a 
service motive i.e. to maximise access to mobility for the citizens. Towards this, the bus system 
provides assured service for 16 hours every day, has a network reach throughout the city and 
carries three times more passengers than the paratransit system. The paratransit system operates 
with a business motive i.e., to maximise the revenue through their operations, which is in contrast 
to the service objectives of the bus system. Therefore, they operate only during peak hours and 
along high demand corridors, in parallel to the buses. However, their small vehicle size, short route 




dynamically whereas buses provide fixed schedule services through the day. Such contrast in 
operational characteristics has led to buses being the main haul shared transport system of the city 
while paratransit augments their services by catering to the unmet public transport demand on high 
demand corridors through demand responsive services. Therefore, both bus and paratransit 
systems are crucial to achieve high shared transport shared in Indian cities.  
Despite being the main haul service, the overall performance efficiency of the bus system 
is relatively lower on indicators like occupancy ratio and revenue per km. While this is partly 
because of buses operating in non-peak hours over a wider network coverage, another key reason 
is that the operational plans of the bus system only monitor the historical operational performance 
of the various routes and do not consider the developmental patterns and ever-changing travel 
demand requirements in the city. Our analysis clearly established that the occupancy and unit 
revenue generated per km of operation are not well correlated to parameters like route length, 
buses allocated to these routes and the mileage of these buses. Therefore, the bus system needs to 
update its operational planning and data maintenance practices to consider user demand and 
perception related attributes in addition to the physical performance attributes, to make itself more 
demand responsive thereby improving its occupancy and revenue performance.  
The formal and informal public transport systems currently operate in silos, thereby acting 
as a competition to each other. An alternative approach where the Government recognises 
paratransit as a formal mode of transport needs to be adopted. An integrated planning and 
operations framework that optimises the bus and paratransit services in the city, where the assured 
bus services are complemented by the flexibility and demand responsiveness of paratransit will 




The findings from this study can inform future policy discussions on integrating formal 
transit and paratransit systems.  
7.3 Conclusions from transit assignment and frequency optimisation analysis 
The thesis presents a framework for integrated and demand responsive transit frequency 
optimisation in cities with multi-modal public transport environments that include both formal and 
informal systems. It also tests the various alternative demand-supply scenarios of bus and 
paratransit integration to measure their impact on the society. A stand-alone bi-level optimisation 
approach has been adopted that solves for transit assignment at the lower level and uses the outputs 
from the assignment i.e. the link loads to optimise for the bus and paratransit system frequencies 
at the upper level model.  
The transit assignment using user-equilibrium method was proposed while the frequency 
optimisation was solved using integer programming method that minimises cost of public transport 
operations subject to constraints like meeting link-level demands, the route frequencies matching 
the maximum load section on a given route and the fleet availability constraints for the bus and 
paratransit systems in the city. The modelling approach has been demonstrated for the real-world 
case of Visakhapatnam, a medium sized Indian city with both formal and informal modes of public 
transport.  
7.4 Inferences from alternative demand and supply scenarios 
The bi-level transit assignment and frequency optimisation model has been used to 
demonstrate the impact of various demand and supply scenarios in the city and their impact on 




using road-space requirements of the system and its environmental impact in terms of the overall 
particulate matter (PM 2.5) emissions caused by bus and paratransit systems together.  
It was demonstrated that integrated planning for bus and paratransit will result in benefits to 
users, operators and also the city. Increasing bus share of public transport demand is likely to 
reduce operational costs, road space requirement and emissions without significant increase in 
users’ travel time. Therefore, cities should invest more in improving their formal public transport 
systems. Conversely, a shift towards paratransit is likely to reduce users’ travel time but will 
increase the cost of operations of the system, its road space requirement and emission impact. 
Finally, the mass transit scenario demonstrated the benefits of introducing Bus Rapid Transit 
(BRT) systems in such cities as it will result in improvement across user, operator and city level 
indicators.  
It is recommended that both bus and paratransit systems are retained by cities even in the 
future. The integration between these modes should be planned in such a way that buses provide 
assured connectivity to the entire city throughout the day, while paratransit is used to cater to the 
additional demand during the peak hours. Formal public transport can be used to provide 
connectivity between well-established routes while paratransit can be used as a flexible and 
demand responsive system providing connectivity to areas beyond formal transit coverage. 
7.5 Scope for future extension 
7.5.1 Improvements to the transit assignment and frequency optimisation model 
The current thesis carried out transit assignment using travel time as the key impedance 




paratransit systems. To apply the model in a more generalised context for other cities, cost of travel 
may also be added as an impedance factor.  
The frequency optimisation model has used unit operating cost per km for bus and 
paratransit services. The model may be extended specifically for formal public transport services 
by adding further split of the cost to include staff cost, fuel cost, maintenance and administrative 
costs separately to understand the sensitivity of each of these variables on the objective function 
and decision variables. Similarly the route-wise travel time inputs in the model can be more 
accurate using big data analysis methods that incorporate GPS based vehicle tracking data from 
buses.  
A further extension of the frequency optimisation model can be to apply it for electric 
vehicles by building in additional vehicle technology related constraints like daily range of the 
vehicle, time required for charging and its impact on the frequency and fleet needs of the city.  
7.5.2 Scaling up the research to other cities in the developing world 
Future extensions of this thesis can scale up the findings from the case city of 
Visakhapatnam to several other cities in India and other developing countries with similar public 
transport systems. Such comparative analysis across cities and countries can shape the global 
outlook towards integrating paratransit services with public transport systems. 
The transport planning outlook of the current thesis focussed on user characteristics and 
operational characteristics of formal and informal transport systems. These transport planning 
outputs can be studied in relation to the policy and regulatory framework under which these 
systems are operating. Such an analysis can potentially provide insights into policy, planning and 
regulatory measures needed to integrate formal and informal public transport systems in Indian 




7.5.3 Extending paratransit analysis to include taxi based on-demand mobility 
The current thesis considered on shared services operating shuttle services along corridors 
while the taxi services providing point to point services weren’t considered. Future extensions of 
this work may study the relative characteristics between point to point and shared paratransit 
services. At the same time the recent emergence of on-demand taxi services provided by Taxi 
Network Companies (TNCs) like Uber and Ola add a new dimension to the shared mobility 
ecosystem. The current thesis’ framework of user and operator characteristics analysis may be 
replicated for emerging new mobility services to develop a similar framework to analyse their 
impact on existing modes and to integrate them with existing formal and informal services.  
7.5.4 Extending the current research to incorporate rail based mass-transit systems 
The optimisation framework developed in this thesis highlights the benefits of integrated 
planning of city bus and paratransit systems and provides a method of determining the optimal 
route level frequency in order to minimise the overall cost of public transport operations. The 
model includes various variables like vehicle size, network speed, system capacity, load factor etc. 
as inputs, thereby making it flexible enough to be applied in other circumstances as well. 
Therefore, the same integrated framework can be applied even for other multimodal transit 
environments. For eg. cities with metro systems or multiple bus operators, vehicle size categories 
etc. along with bus and paratransit services. Since the bi-level model also captures travel demand 
patterns of the city, it can be used to analyse the varying transit requirements of the city as its urban 
form evolves to derive the frequency and fleet requirements of various transit modes for the new 




7.5.5 Informing research on shared and autonomous vehicles in developed countries 
While the current thesis focussed on integrating fixed schedule public transport with the 
demand responsive services of paratransit in developing country contexts, a similar approach can 
also be extended to developed country contexts. The concept of Demand Responsive Transit 
(DRT) has been emerging in many developed countries where TNCs offer shared vehicle services 
of capacity u to 12 passengers per vehicles. Many on the autonomous bus trials are focussing on 
medium sized vehicle of this capacity. Since paratransit services are already offering demand 
responsive services with similar capacities, even though without the technology interface of TNCs, 
findings from paratransit operations can inform ongoing research on autonomous and shared 
vehicles in developed countries.  
7.6 Key research contributions 
This thesis proposed a framework for integrated planning of formal and informal transit services 
which will benefit Indian cities and other cities from the developing world having similar mix of 
services. To the best of our knowledge this is the only study to propose an integrated planning 
framework that treats paratransit as a parallel mode of service and not as a feeder to the formal 
public transport system.  
 
The following are a few unique contributions of this thesis to international literature: 
• Developed a methodological framework to establish disaggregated demand and supply 
comparision of formal and informal transport users and operators  
• Established a comprehensive profile of public transport users in Indian cities, that included 




• Evaluated the operational efficiency of city bus and paratransit services using Data 
Envelopment Analysis (DEA) and identified the key gaps in operational planning of Indian 
bus systems 
• Developed and calibrated an integrated public transport travel demand model using household 
surveys. An innovative transit assignment model was developed in TransCAD-the travel 
demand modelling software to assign paratransit and bus trips to the network simultaneously 
• Proposed a framework for integrated planning of formal and informal public transport systems 
combining travel demand characteristics and operator characteristics 
• Developed a bi-level frequency optimisation model that is demonstrated to work for a real-
world case city using an integer programming framework. The model can be used to derive 
demand-responsive route wise frequency and fleet requirements of both bus and paratransit 
services and further to assess the societal impacts of the system in terms of its road space and 
emission implications 
• The modelling framework segregates analysis for optimising user characteristics (transit 
assignment), operators’ characteristics (frequency optimisation) and societal impact of the 
system (emissions and road space requirements) which allows for sensitivity analysis for each 
of the stakeholders. Majority of the literature are models these levels simultaneously thereby 
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